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ABSTRACT. The lamininal chain G domain has multiple biological activities. Previously, we identified
cell binding sequences in the laminirl chain G domain by screening 113 synthetic peptide-polystyrene
beads for cell attachment activity. Here, we have used a recombinant protein of the lati@idomain
(recalG) and a large set of synthetic peptides to further identify and characterize heparin, cell, and

syndecan-4 binding sites in the laminitl chain G

domain. The regdG protein promoted both cell

attachment and heparin binding = 19 nM). Cell attachment to the rectG protein was inhibited

60% by heparin and 30% by EDTA. The heparin binding sites were identified by competing heparin
binding to the rea1G protein with 110 synthetic peptides in solution. Only two peptides, AG7 &C

147 uM) and AG75 (IGo = 206 uM), inhibited heparin binding to rea1G. When the peptides were
compared in a solid-phase heparin binding assay, AG73 showed more heparin binding than AG75. AG73
also inhibited fibroblast attachment to the @tG protein, but AG75 did not. Cell attachment to the
peptides was studied using peptide-coated plates and peptide-conjugated sepharose beads. AG73 promoted

cell attachment in both assays, but AG75 only

showed cell attachment activity in the bead assay.

Additionally, AG73, but not AG75, inhibited branching morphogenesis of mouse submandibular glands
in organ culture. Furthermore, the re@G protein bound syndecan-4, and both AG73 and AG75 inhibited

this binding. These results suggest that the AG73 and AG75 sites are important for heparin and syndecan-4
binding in the lamininol chain G domain. These sites may play a critical role in the diverse biological
activities involving heparin and syndecan-4 binding.

Laminin-1 (M, = 900 000), first identified from the mouse
Engelbreth-Holm—Swarm tumor and the most extensively
characterized laminin, consists@f, 51, andy1 chains that
assemble into a triple-stranded coitexbil structure to form
a cross-like structurelj. Presently, 15 isoforms of laminin
have been identified (laminin-115), which are formed with
combinations of fiven, threef, and threey chains 2—5).
Laminin-1 has diverse biological activities including promo-
tion of cell adhesion, migration, neurite outgrowth, tumor
metastasis, and angiogenedis Yarious receptors have been
reported for the laminin-1 molecul@)( Several active sites
in laminin-1 have been identified using proteolytic fragments,
recombinant proteins, and synthetic peptides). We have
screened cell adhesive sequences in laminin-1 using 67
overlapping synthetic peptides covering the entire protein
(9—12). Most of the active peptides were localized in the

TThis work was supported by the Grants-in-Aid for Scientific

globular domains and found to play a critical role in binding
to cell surface receptors in a peptide- and cell type-specific
manner 13). Several peptides were found to interact with
both integrins and syndecan-14(-17). Some of the peptides
promoted neurite outgrowth, angiogenesis, and tumor me-
tastasis 18—21).

The C-terminal globular domain (G domain) of the laminin
ol chain consists of five laminin G domain-like modules
(LG1-5) and plays a critical role in the biological functions
of laminin-1. Several studies have focused on the biological
activities of the G domain. E8, a proteolytic fragment
containing the LG1-3 modules, possesses major cell binding

3activity mediated through thex681 integrin @2, 23).

Recombinant and reconstitution experiments have suggested

that this activity is dependent on protein conformatias, (

25). Several synthetic peptides derived from the G domain
promote heparin binding, cell adhesion, neurite outgrowth,
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screened cell binding sites in the G domain using a large set
of synthetic peptide-polystyrene beads and identified several
active sequence®), Some of the peptides interact with
integrins @). AG73 (RKRLQVQLSIRT, mouse lamininl
chain 2719-2730) promotes various biological activities and
binds syndecan-1, a membrane-associated proteogl$can (
15, 16, 19, 29).
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Laminins are heparin binding glycoproteins found in as a solvent. For condensation, diisopropylcarbodiinNee/
basement membranes. Heparin, the most negatively chargedhydroxybenzotriazole was employed, and for deprotection
glycosaminoglycan (GAG), has been used to study GAG of N*-Fmoc groups, 20% piperidine in DMF was employed.
interactions with cells. GAGs with various patterns of The following side chain protecting groups were used: Asn,
sulfation are found in different cells and tissues at various GlIn, and His, trityl; Asp, Glu, Ser, Thr, and Tyert-butyl;
developmental stages. The variation of the sulfation pattern Arg, 2,2,5,7,8-pentamethylchroman-6-sulfonyl; and ltgs;
allows for protein- and cell-specific interaction30( 31). butoxycarbonyl. The resulting protected peptide resins were
Interactions between laminin isoforms and cell surface deprotected and cleaved from the resin using trifluoroacetic
receptors provide mechanisms for regulating the broad rangeacid-thioanisolan-cresol-ethanedithiol-40 (80:5:5:5:5, v/v)
of biological activities of laminins. Several heparin binding at 20°C for 3 h. The crude peptides were precipitated and
sites have been identified in laminin isoforms. Tdiechain washed with ethyl ether, then purified by reverse-phase high
proteolytic fragment E3 containing the LG4-5 modules has performance liquid chromatography (HPLC) using a Vydac
been found to bind to heparirBZ, 33). Recently, other 5C18 column with a gradient of water/acetonitrile containing
heparin binding sites in the homologous LG4-5 modules of 0.1% trifluoroacetic acid. Purity of the peptides was con-
laminin a1-5 chains have been identifie84—38). Several firmed by analytical HPLC. The identity of the synthetic
heparin binding sequences are chain-specific, and some ar@eptides was confirmed by fast atom bombardment mass
homologous to each other. The heparin binding sites interactspectral analysis at the GC-MS and NMR Laboratory,
with heparan sulfate proteoglycans, such as syndeddins ( Graduate School of Agriculture, Hokkaido University. Three
16, 38). A3G75aR (NSFMALYLSKGR, human laminia3 peptides (AG2, AG24, and AG94) were insoluble in agueous
chain 1412-1423) was identified as a syndecan-2 and -4 solutions and could not be purified by reverse-phase HPLC.
binding site in then3 chain G domain38). Cells and Culture.Human neonatal dermal fibroblasts

In this paper, we have used a recombinant protein of (Iwakl Co. Ltd, TOkyO, Japan) were cultured in Dulbecco’s
laminin al chain G domain, realG, combined with a ~ modified Eagle’s medium (DMEM, Life Technologies,
synthetic peptide screening strategy to identify and character-Rockville, MD) containing 10% fetal bovine serum (FBS,
ize heparin, cell, and syndecan-4 binding sites in the laminin Life Technologies), 100 units/mL penicillin, and 10/
al chain G domain. Of the 110 overlapping soluble pep- ML streptomycin (Life Technologies). The cells were
tides tested from thel chain G domain, only two inhibited ~ Maintained at 37°C in a humidified 5% C@ 95% air
recalG binding to heparin. We compared the biological atmosphere.
activities of these two peptides in a number of assays and Inhibition of Heparin Binding to reex1G. The effect of
identified syndecan-4 as a potential cell surface ligand that peptides on the heparin binding of re¢G was tested using
may mediate some of the biological activities of the pep- heparin-sepharose beads as previously descriggda(th

tides. some modifications. The rexd1G protein (3ug), heparin-
sepharose bead (1 mg, Amersham Pharmacia Biotech), and
MATERIALS AND METHODS peptide (20ug) were mixed in 7QuL of 10 mM Tris-HCI
(pH 7.4), containing 100 mM NacCl (buffer B). Afte 1 h
Recombinant ProteimA recombinant protein (rea1G), incubation, the beads were pelleted by centrifugation. The

including the mouse lamininl chain (21133060) witha  supernatant was removed, and the beads were washed twice
c-myc sequence at the C-terminus, was expressed dsfng  with buffer B. The recs1G protein bound to the beads was
deficient CHO DG44 cells as previously describ88)( The extracted with SDSPAGE sample buffer, analyzed by 8%
culture medium containing the rectG protein was har-  SDS-PAGE under reducing conditions, and stained with
vested and centrifuged to remove cell debris. The supernatantcoomassie brilliant blue.

was adjusted to 0.1 mM phenylmethylsulfonyl fluoride and  sglid-Phase Heparin Binding Assay using Peptide-Coated
was applied to a heparin affinity column (HiTrap, Amersham pjates. The heparin binding assay to peptide-coated plates
Pharmacia Biotech, Uppsala, Sweden) equilibrated in 10 mM \yas carried out using biotinylated heparin (Celsus Labora-
Tris-HCI (pH 7.4), 150 mM NaCl, 2 mM EDTA, and 0.5  tories Inc., Cincinnati, OH). Various amounts of peptides in
mM N-ethylmaleimide (buffer A). The protein was eluted Mjlli-Q water (50 uL) were coated onto 96-well ELISA
with buffer A in the presence of 300 mM NaCl. The rec- pjates (Iwaki Co. Ltd.) and dried overnight at room temper-
o1G protein was further purified using a gel filtration column  gtyure. The wells were washed with 0.05% Tween 20 in PBS
(Superdex 200, Amersham Pharmacia Biotech) equilibrated (huffer C) and then blocked with 3% bovine serum albumin
in buffer A. Purity was monitored by 8% SB$AGE under  (BsA) (Sigma Chemical Co., St. Louis, MO) in PBS (buffer

reducing conditions. Fractions containing purified telis D) at room temperature for 2 h. After washing with buffer
were combined, and the protein concentration was deter-c 10 ng of biotinylated heparin in 74 of buffer C was
mined with the BCA assay (Pierce, Rockford, IL). added to the wells and incubated at 37 for 1 h. After

Synthetic Peptidesill peptides were synthesized manually washing three times with buffer C, 10 ng of streptavidin-
using the 9-fluorenylmethoxycarbonyl (Fmoc)-based solid- conjugated horseradish peroxidase (Sigma) in buffer C (100
phase strategy and prepared in the C-terminal amide formuL) was added to the wells and incubated at°87for 1 h.
as previously describedl]). Amino acid derivatives and  After washing three times with buffer C, the 335-
resins were purchased from Watanabe Chemical, Hiroshima,tetramethyl-benzidine (TMB) solution (10Q., Sigma) was
Japan and Novabiochem, La Jolla, CA. The respective aminoadded to the wells and incubated for 10 min. After addition
acids were condensed manually in a stepwise manner usingdf 1 N H,SQ,, the optical density at 450 nm was measured
4-(2,4-dimethoxyphenyl-Fmoc-aminomethyl)-phenoxy resin. using a Model 550 Microplate Reader (Bio-Rad Laboratories,
Dimethylformamide (DMF) was used during the synthesis Hercules, CA).
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Surface Plasmon Resonance Analyidiparin bindingwas ~ attachment assays to peptide-conjugated sepharose beads
also assayed by surface plasmon resonance analysis usingiere performed in 48-well plates (Nunc, Inc.). Peptide beads
biotinylated heparin as previously describ&@)(with slight were added to the 48-well dishes. Human fibroblast cells
modifications. Surface plasmon resonance analysis waswere detached with 0.02% trypsin-EDTA as described
performed using a BlIAcore 2000 instrument (BIAcore AB, previously, and x 10 cells (200xL) in DMEM containing
Uppsala, Sweden). Biotinylated heparin was immobilized on 0.1% BSA were incubated with peptide beads atG7for
a streptavidin-conjugated sensor chip (Sensor Chip SA,1 h. Attached cells on the beads were stained with 0.2%
BlAcore AB). Various amounts of reg1G in 25 mM Tris- crystal violet aqueous solution in 20% methanol and observed
HCI (pH 7.5), containing 150 mM NaCl and 0.005% Tween under the microscope.

20, were injected into the biotinylated heparin-immobilized  For inhibition of cell attachment to the beads, human
flow cell with a flow rate of 30uL/min. After each run, 50  fibroblasts and the peptide beads were preincubated with
mM NaOH (30uL) was injected twice to regenerate the either 10 ug/mL heparin, 5 mM EDTA, or 10Qug/mL
biotinylated heparin-immobilized surfaces at/A0min for peptide at 37C for 10 min and then mixed. After a 30 min

1 min. Each sample was also analyzed using a flow cell incubation, the attached cells were measured as described
without biotinylated heparin, and the sensorgram was usedpreviously.

as background. A dissociation constaf) was determined Ex Vivo Salivary Gland Organ CultureSubmandibular/
by a nonlinear fitting method using BlAevaluation 3.1 sublingual salivary gland rudiments dissected from embry-
software (BlAcore AB). onic day 13 (E13) ICR mice were cultured on Whatman

Cell Attachment Assay using red-G Protein- or Peptide- Nucleopore Track-etch filters (13 mm, Oudn pore size,
Coated Plastic PlatesCell attachment assays were per- VWR, Buffalo Grove, IL) at the air/medium interfac&®q).
formed in 96-well plates (Nunc, Inc., Naperville, IL) coated The filters were floated on 240L of DMEM/F-12 in 50
with various amounts of the ratlG protein or synthetic  mm glass-bottom microwell dishes (MatTek, Ashland, MA).
peptides. For reetlG coating, various amounts of red-G The medium was supplemented with 100 units/mL penicillin,
in 50 uL of buffer A were added to the wells and incubated 100ug/mL streptomycin, 15@g/mL vitamin C, and 5@«g/
overnight at 4°C. For peptide coating, various amounts of mL transferrin. Six E13 gland rudiments were cultured on
peptides in 5Q:L of Milli-Q water were added to the wells  each filter at 37°C in a humidified 5% C@ 95% air
and dried overnight at room temperature. The substrate-atmosphere. Glands were photographed aftgr 20, and
coated wells were blocked with 15@L of 1% BSA in 40 h, and the number of end buds was counted at each time
DMEM at room temperature fal h and then washed twice point. Various peptide concentrations were added to the
with DMEM containing 0.1% BSA. Human fibroblasts were medium at the beginning of the experiment.
detached with 0.02% trypsin-EDTA (Life Technologies) at ~ Solid-Phase Syndecan-4 Binding Assay using Human
37°C for 10 min and incubated with DMEM containing 10% Fibroblast Cell LysatesSyndecan-4 binding to ree1G-

FBS at 37°C for 20 min. After washing three times with  coated plates was examined using a human neonatal dermal
DMEM containing 0.1% BSA, cells (& 10* cells/well) were fibroblast cell lysate. The cell lysate was prepared as
added to the wells and incubated at 3Z for 1 h. The described previously3g). Various amounts of recG in
attached cells were stained with 0.2% crystal violet aqueousbuffer A (50uL) were coated on 96-well ELISA plates at 4
solution in 20% methanol for 10 min. After washing with  °C overnight. The wells were blocked with buffer D at room
Milli-Q water, 1% SDS (15Q:L) was used to dissolve the temperature for 2 h. The cell lysate in buffer D (&0) was
stained cells, and the optical density at 570 nm was measuredadded to the wells and incubated at@ overnight. After
using a Model 550 Microplate Reader. washing with buffer C, anti-syndecan-4 antibody (Santa Cruz

For inhibition of cell attachment, human fibroblasts and Biotechnology, Inc., Santa Cruz, CA) in buffer D (1:1000)
the substrate-coated wells were preincubated with either 10was added and incubated at 32 for 1 h. The wells were
ug/mL heparin, 5 mM EDTA, or 10@g/mL peptide, for 10  washed with buffer C, and then biotinylated anti-mouse 19gG
min at 37°C. Then, the cells (5% 10* cells/well) were added  antibody (Vector Laboratories, Inc., Burlingame, CA) in
to the wells and incubated for 30 min at 3C. Attached buffer D (1:2500) was added and incubated at'G7for 1
cells were measured as described previously. h. After washing with buffer C, streptavidin-conjugated

Note: We examined the effect of different recovery times horseradish peroxidase in buffer D (1:2500) was added and
(5, 20, and 60 min) after trypsin treatment in DMEM incubated at 37C for 1 h. After washing with buffer C,
containing 10% FBS. All fibroblasts attached in a manner TMB solution (50uL) was added and incubated for 30 min.
similar to the AG73 peptide (data not shown). Additionally, After addition d 1 M H,SO4 (50 «L), the optical density at
attachment was significantly inhibited by 4@/mL heparin 450 nm was measured using a Model 550 Microplate reader.
(data not shown). These results suggest that more than a 5 In heparin and peptide inhibition experiments, tebs
min recovery is enough for cell adhesion assays. Therefore,(2 ug/well) was coated on 96-well ELISA plates. After
we used trypsin-EDTA detachment of human fibroblasts and blocking with buffer D, the reex1G-coated wells and human
a 20 min recovery in DMEM containing 10% FBS in the fibroblast lysate were preincubated with various concentra-
assay. tions of heparin and peptides, respectively. Syndecan-4 bound

Cell Attachment Assay using Peptide-Conjugated Sepharosgo the substrate-coated plates was detected as described
Beads.The synthetic peptides were coupled to cyanogen previously.
bromide (CNBr)-activated sepharose 4B (Amersham Pharam-
cia Biotech AB) as previously describe89j. The peptide RESULTS
solutions (0.2 mL, 1 mg/mL in Milli-Q HO) were mixed Heparin Binding and Cell Attachment Agitly of the rec-
with 20 mg of the CNBr-activated sepharose beads. Cell a1G Protein.A recombinant protein (rea1G) containing
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Ficure 1: Cell attachment and heparin binding activity of &t&. (A) Human fibroblasts attach to the red-G protein. Increasing

amounts of reex1G were coated on the 96-well plate. After blocking with 1% BSA, the cells were added and incubated for 1 h. Following
staining with crystal violet, the attached cells were lysed, and the OD was measured. (B) Effect of heparin and EDTA on the fibroblast
attachment to rec1G. The cells and substrate-coated wells were preincubated wity/b@L heparin or 5 mM EDTA. Then, the cells

were added to the wells and incubated for 30 min. The attached cells were stained with crystal violet and measured. Each value represents
the mean of six separate determinatiah$D. *p < 0.0001. (C) Surface plasmon resonance analysis of heparin binding of thd @c-

protein. Various concentrations of red-G were examined using a BIAcore 2000 with a biotinylated heparin-immobilized sensor chip.

Arrow SA represents the start of the association. Arrow SD represents the start of the dissociation. Triplicate experiments gave similar
results.
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FiGure 2: Effect of peptides on the heparin binding to the oelds protein. (A) Heparin-sepharose beads (1 mg), peptideg20and the
recalG protein (3ug) were incubated in 7@L of 10 mM Tris buffer (pH 7.4) at £C for 1 h. After washing the beads, the retG
protein bound to the heparin-sepharose beads was analyzed byP3WsE, followed by staining with Coomassie brilliant blue. Active
peptides are shown by black boxes. (B) Various amounts of peptides were tested. The relative amount (¥%)@flveand to heparin-
sepharose beads was assessed by-SIP&SE using NIH image 1.62 software. JCvalues of AG73 and AG75 are 147 and 208,
respectively. Duplicate experiments gave similar results.

the C-terminal 950 amino acids (mouse lamiwifh chain in a solid-phase binding assay with immobilized hepash).(
2111-3060) was expressed using tbbfr-deficient CHO We determined a dissociation constakip) of the heparin
DG44 cells and purified as previously describ&8)( First, binding of the reax1G protein by surface plasmon resonance

we examined the cell attachment activity of retG using analysis (Figure 1C). Sensorgrams with various amounts of
human fibroblasts. Fibroblasts attached to e#d¢s-coated rec-o1G were generated using a BIAcore 2000 instrument
plates in a dose-dependent manner (Figure 1A). We alsowith a biotinylated heparin-immobilized sensor chip. Kie
examined the effect of heparin and EDTA on the fibroblast value was determined by a nonlinear fitting method using
attachment to rec1G. The 1Qug/mL heparin significantly BlAevaluation 3.1 software. Th&p value of the heparin
inhibited (60%) fibroblast attachment to red-G, while 5 binding of the reca1G protein was 19 nM.
mM EDTA partially inhibited (30%) attachment (Figure 1B). Effect of Peptides on the Heparin Binding of the tebs
These results suggest that the velds protein promotes cell ~ Protein. One hundred and thirteen overlapping peptides
attachment in both a heparin- and a cation-dependent mannercovering the laminirel chain G domain were prepared as
Previously, the reetlG protein was eluted from a heparin-  previously described®j. One hundred and ten peptides were
affinity column with 300 mM NacCl, and the half-maximal soluble, but three peptides were not (Table 1). The effect of
concentration (14 nM) for heparin binding was determined the 110 soluble peptides on the interaction betweeri«s-
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Table 1: Synthetic Laminimtl Chain G Domain Peptides and Their Inhibitory Effect on thea&& Heparin Binding

peptide sequenée inhibition°  peptide sequence inhibition peptide sequence inhibition
AG1 IRAYQPQTSSTN - AG39 SKAVRKGVSSRS - AG77 LOQLQEGRLHFMF -
AG2 SSTNYNTLILNV NS AG40 SSRSYVG — AG78 HFMFDLGKGRTK -
AG3 ILNVKTQEPDNL - AG41 IKNLEISRSTFDL — AG79 GRTKVSHPALLS -
AG4 PDNLLFYLGSSS - AG42 TFDLLRNSYGVRK — AG80 ALLSDGKWHTVK -
AG5 GSSSSSDFLAVE - AG43 ALEPIQSVSFLR - AGS81 HTVKTEYIKRKA -
AG6 LAVEMRRGKVAF - AG44  SFLRGGYVEMPP - AG82 KRKAFMTVDGQE -
AG7 KVAFLWDLGSGS - AG45 VEMPPKSLSPESS - AG83 DGQESPSVTVVG -
AG8 GSGSTRLEFPEV - AG46  PESSLLATFATK - AG84  TVVGNATTLDVE -
AG9 FPEVSINNNRWH - AG47 FATKNSSGILLV - AG85 LDVERKLYLGGL -
AG10 NRWHSIYITRFG - AG48 ILLVALGKDAEE - AG86 LGGLPSHYRARNI -
AG11 TRFGNMGSLSVK - AG49 DAEEAGGAQAHV - AG87  ARNIGTITHSIPA -
AG12 LSVKEASAAENP - AG50 QAHVPFFSIMLL - AG88  IGEIMVNGQQL -
AG13 AENPPVRTSKSP - AG51 IMLLEGRIEVHV - AG89 GQQLDKDRPLS -
AG14 SKSPGPSKVLDI - AG52 IEVHVNSGDGTSL - AG90 RPLSASAVDR -
AG15 VLDINNSTLMFV - AG53 GTSLRKALLHAP - AG91  YVVAQEGTFFEG -
AG16 LMFVGGLGGQIK - AG54 LHAPTGSYSDGQ - AG92  FFEGSGYAALVK -
AG1l7 GQIKKSPAVKVT - AG55 SDGQEHSISLVR - AG93  ALVKEGYKVRLD -
AG18 VKVTHFKG - AG56 SLVRNRRVITIQ - AG94  VRLDLNITLEFR NS
AG19 MGEAFLNGKSIGL - AG57 ITIQVDENSPVE - AG95  LEFRTTSKNGVL -
AG20 SIGLWNYIEREGK - AG58 SPVEMKLGPLTE - AG96  NGVLLGISSAKV -
AG21 FGSSQNEDSSFH — AG59 PLTEGKTIDISN - AG97 SAKVDAIGLEIV -
AG22 SSFHFDGSGYAM — AG60 DISNLYIGGLPE - AG98 LEIVDGKVLFHV -
AG23 GYAMVEKTLRPT — AG61 GLPEDKATPMLK - AG99 LFHVNNGAGRIT -
AG24 LRPTVTQIVILF NS AG62 PMLMRTSFHG — AG100 GRITATYQPRAA -
AG25 VILFSTFSPNGL — AG63 IKNVVLDAQLLD — AG101 PRAARAL -
AG26 PNGLLFYLASNG — AG64 AQLLDFTHATGSE — AG102 DGKWHTLQAHKS -
AG27 ASNGTKDFLSIE — AG65 TGSEQVELDT — AG103 AHKSKHRIVLTV -
AG28 LSIELVRGRVKV - AG66 LLAEEPMQSLHR - AG104 VLTVDGNSVRAE -
AG29 RVKVMVDLGSGP - AG67 SLHREHGELPPE - AG105 VRAESPHTHSTS -
AG30 GSGPLTLMTDRR - AG68 LPPEPPTLPQPEL - AG106 HSTSADTNDPIY -
AG31 TDRRYNNGTWYK - AG69 AVDTAPGYVAGA - AG107 DPIYVGGYPAHI -
AG32 TWYKIAFQRNRK - AG70 VAGAHQFGLSQON - AG108 PAHIKQN -
AG33 RNRKQGLLAVFD - AG71 LSQNSHLVLPLN - AG109 LSSRASFRG -
AG34 AVFDAYDTSDKE - AG72 LPLNQSDVRKRL - AG110 VRNLRLSRGSQV -
AG35 SDKETKQGETPG — AG73 RKRLQVQLSIRT + (147uM)¢  AG11l1l GSQVQSLDLSRAF -
AG36 GETPGAASDLNRL - AG74  SIRTFASSGLIY - AG112 SRAFDLQGVFPHS -
AG37 LNRLEKDLIYVG - AG75 GLIYYVAHQNQM + (206uM)¢  AG113 PGPEP -
AG38 IYVGGLPHSKAV - AG76 HQNQMDYATLQLQ -—

a Segences were derived from the mouse lamérirchain (21113060). Peptides were generally 12 amino acids in length and overlapped with
neighboring peptides by four amino acids. If the N-terminal amino acid was either glutamine or glutamic acid, one amino acid was extended at the
N-terminus to avoid pyro-glutamine formation. Cysteine residues were ontittetibitory effect of synthetic peptides was evaluated as described
in Materials and Methods and Figure ACs, values (M) of synthetic peptides were determined (Figure 28).inhibition; —, no inhibition.

Duplicate experiments gave similar results. NS, not soluble in aqueous solutions.

and the heparin-sepharose bead was evaluated (Figure 2A). 201
AG73 and AG75 significantly inhibited the heparin binding
of rec-a1G, while the rest of the soluble peptides did not
(Figure 2A). The AG73 and AG75 peptides showed a dose-
dependent inhibition, and their §gvalues were 147 and 206
uM, respectively (Figure 2B). AG73T (LQQRRSVLRTKI)
and AG75S (IQAHYGVMYQNL), scrambled peptides of
AG73 and AG75, were also prepared and tested (Figure 2B).
However, the scrambled peptides did not inhibit the heparin
binding of rece.1G. These results indicate that the inhibitory
effects of AG73 and AG75 on rex1G binding to heparin
are due to their specific sequences.

Heparin Binding Actiity of PeptidesWe examined the
heparin binding activity of the peptides using peptide-coated 00.001 0.01 0.1 1
plates. In a solid-phase binding assay, biotinylated heparin
was added to the AG73- and AG75-coated plates. AG73
showed strong heparin binding activity in a dose_dependentFlGURE 3: Heparin binding of peptides using biotinylated heparin.

: oo Binding of biotinylated heparin to peptide-coated plates. 96-well
manner (Figure 3). AG75 showed weaker heparin binding ELISA plates were coated with various amounts of peptides. After

activity (Figure 3). The scrambled peptides, AG73T and pjocking with 3% BSA, 10 ng of biotinylated heparin (76) was

AGT75S, did not show activity in this assay (Figure 3). added to peptide-coated wells. Afte 1 hincubation, the biotiny-
Effect of Peptides on Cell Attachment to the relds lated heparin bound to the peptides was detected by streptavidin-

Protein. Next, we examined the effect of AG73 and AG75 conjugated horseradish peroxidase. Triplicate experiments gave

on fibroblast attachment to rectG (Figure 4). AG73  Similar results.

inhibited fibroblast attachment to rectG, while AG75 did to recalG. These data show that the AG73 sequence

not. AG73T and AG75S did not affect fibroblast attachment competes~75% cell attachment to reelG, and AG75

Absorbance (0.D. 450 nm)

Amount of peptide (ug/well)
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20f FIGURE5: Cell attachment activity of peptides. (A) Cell attachment
to peptide-coated plates. 96-well plates were coated with various
amounts of peptides, and human fibroblasts were added to the wells
for 1 h. Following staining with crystal violet, the attached cells
None AG73 AG73T AG75 AG75S were lysed, and the OD was measured. (B) Cell attachment to
Ficure 4: Effect of peptides on cell attachment to the telds peptide-conjugated sepharose beads. Human fibroblasts were al-
protein. 96-well plates were coated with re&G (2 ug/well). lowed to attach to peptide-conjugated sepharose beadshf@nd

Human fibroblasts were preincubated with 10§mL peptide at then stained with crystal violet. Triplicate experiments gave similar
37 °C for 10 min, then added to the wells, and incubated for 30 results.

min. Following staining with crystal violet, the attached cells were
lysed, and the OD was measured. Each value represents the mea
of three separate determinatichsSD. Triplicate experiments gave
similar results. p < 0.002.

thorphogenesis of mouse submandibular glands as previously
described 16), whereas AG75 and the scrambled peptides
AG73T and AG75S did not inhibit branching (Figure 7).

cannot inhibit cell attachment. These data suggest that the! N€S€ data suggest that cell surface ligands for AG75 may
AG73 peptide can inhibit cell surface heparan sulfate- not pe grmcal |n.th|s .model system. The datq also suggest
containing receptors from binding to both the AG73 and the that in different biological systems the two peptides may bind
AGT5 sites in the reelG. The data also suggest that the 10 Q|ﬁerent heparan squate-conta!nlng receptors or different
AGT75 peptide does not inhibit cell adhesion to the AG73 regions of a heparan sulfate chain.
site. Syndecan-4 Binding to the rectG Protein and Effect of
Cell Attachment Actity of PeptidesWe tested the cell Peptides on Binding?revi_ously, we demonstrated that AG73
attachment activity of AG73 and AG75 using peptide-coated Pound to syndecan-1 using an HSG cell lysdtg) (Human
plates and peptide-conjugated sepharose beads. In the platdermal fibroblasts express syndecan-2 and -4 by RT-PCR
assay, AG73 promoted strong cell attachment activity as nalysis, while no expression of syndecan-1 was observed
previously describedd), while AG75 did not show activity ~ (38)- Therefore, we examined syndecan-4 binding to rec-
(Figure 5A). In the bead assay, both peptides showed strong®1G in & solid-phase assay using a human fibroblast cell
cell attachment activity (Figure 5B). These results suggest lySate. Syndecan-4 bound to re¢G in a dose-dependent
that fibroblast attachment to AG75 may be dependent on Mmanner (Figure 8A). Additionally, the syndecan-4 binding

the way the peptide is presented to the cell or on the {0 recalG was inhibited by heparin dose dependently
conformation of the peptide. (Figure 8B). Further, the binding was significantly inhibited

" : . by AG73 and moderately inhibited by AG75, while AG73T
Additionally, we examined the effect of heparin and EDTA did not have an effect (Figure 8B). Taken together, the

on cell attachment to AG73-coated plates and AG73- and . . .
AG75-conjugated sepharose beads (Figure 6A,B). Fibroblastteraction between syndecan-4 and eels may be medi-
attachment to the AG73-coated plate was significantly ated by the heparan sulfate glycosammoglycan chains of
inhibited by 10ug/mL heparin, while the attachment was syndgcan-4 and the AG73 and AG75 sites in theakG
slightly inhibited by 5 mM EDTA (Figure 6A). Fibroblast ~Protein-
attachment to AG73- and AG75-conjugated sepharose bead
was also inhibited by 1@g/mL heparin but not by 5 mM DISCUSSION
EDTA (Figure 6B). These results suggest that the heparin  previously, the biological functions of the G domain have
interaction is critical for the cell attachment activity to both  peen identified using enzymatically digested laminin-1
AG73 and AGT75. fragments. The E8 fragment containing the LG1-3 modules
Effect of Peptides on Branching Morphogenesis of Mouse promoteda631 integrin-mediated cell attachmer22( 23),
Submandibular GlandsThe heparin binding peptides were and E3, containing the LG4-5 modules, exhibited heparin
tested in a more complex biological assay for their ability ando-dystroglycan binding activities3¢, 33, 40). Syndecan-
to inhibit branching morphogenesis of embryonic mouse 1, a transmembrane heparan sulfate proteoglycan, is also a
salivary glands in organ culture. The peptides bind cell receptor for theanl chain LG4 module and interacts with
surface heparan sulfate proteoglycans and may disruptthe AG73 peptide15). In this study, the recombinarntl
interactions between these molecules and the laminin-1-chain G domain (reetlG) promoted human fibroblast
containing basement membrane. AG73 inhibited branching attachment in a heparin- and EDTA-dependent manner.
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Ficure 6: Effect of heparin and EDTA on peptide-mediated cell attachment. (A) Effect of heparin and EDTA on the cell attachment to the
AG73-coated plate. 96-well plates were coated with AG7adMwell). The AG73-coated well and fibroblasts were preincubated with 10

ug/mL heparin or 5 mM EDTA for 10 min, and then the cells were added to the wells for 30 min. Following staining with crystal violet,

the attached cells were lysed, and the OD was measured. Each value represents the mean of three separate deterS8ihatoss

0.0001; **p < 0.001. (B) Effect of heparin on cell attachment to the peptide-conjugated sepharose beagéniltheparin or 5 mM

EDTA was added to cell suspensions and peptide-conjugated sepharose beads. After a 10 min incubation, the cells were allowed to attach
to the peptide-conjugated sepharose beads and were incubated for 30 min. The attached cells were observed by crystal violet staining under

the microscope. Triplicate experiments gave similar results.
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FIGURE 7: AG73 inhibits branching morphogenesis of E13 mouse useq.and Was.cg!l-type specif, 15, 16, 19, 29)-_ '.I'her.efore,
submandibular glands in culture. Salivary gland organ culture is additional activities for AG75 may be identified in other
described under Materials and Methods. Peptides were added toassays with other cell types.
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to heparin Kp = 19 nM) suggests a higher affinity interaction
with the recombinant protein as compared to the interaction
with AG73 (Kp = 6.4 uM). These data suggest either
multiple interactions between the recombinant protein and
heparin or a conformation-dependent interaction that in-
creases the affinity of the interaction.

Previously, we screened cell binding sites in ¢tiechain
G domain using 113 synthetic peptide-polystyrene beads in
which peptides were not purifie®). AG73 had the greatest
cell attachment activity in the screening analysis and showed
diverse biological activities9y 15, 16, 19, 29). Here, we
used a recombinantl chain G domain and screened 110
soluble purified synthetic peptides to identify heparin binding
sites. Only two peptides, AG73 and AG75, inhibited rec-
o.1G binding to heparin, suggesting that the AG73 and AG75
sites may play a critical role in heparin binding of thé&
chain G domain. AG75 was not active for cell attachment
when coated on a plate and did not inhibit cell attachment
to recalG or inhibit branching morphogenesis. The biologi-
cal activity of AG73 was dependent on the type of assay

the culture media, and the glands were cultured for 40 h. AG7 . . C .
(300 ug/well) inhibits branching morphogenesis, whereas AG75 ~ OUr results show a higher affinity blndlng of heparin to
and the scrambled peptides AG73T and AG75S do not. Branchingrec-o1G (19 nM) than to AG73 (6.4M), which suggests
morphogenesis is quantitated by counting the number of terminal that there are additional heparin binding sites that may act
epithelial buds after- 2, 20, and 40 h. Each value represents the jp 3 synergistic manner or that a particular conformation of
mean of five separate determinatichsSD. Duplicate experiments the recombinant molecule is required for optimal heparin

ave similar results. - . :
9 binding. Potentially, the AG75 site could serve as a synergy

Furthermore, reet1G bound syndecan-4 from a fibroblast site for the AG73 site or for other sites in the G domain.
cell lysate. Taken together, these data suggest that syndecan-4he conformation of the AG75 sequence may be critical for
and possibly other cation-dependent molecules, such aghe heparin binding activity. It is also possible that the
integrins anch-dystroglycan, may be cell surface receptors Peptides may interact with specific heparan sulfate chains
for theal chain G domain. A dissociation constant of heparin in @ cell-specific manner.

binding to recellG was determinedp = 19 nM) by surface Laminin-1, composed ofxl, 51, and y1 chains, has
plasmon resonance analysis. The dissociation constant ofvarious biological activities involving heparin bindind, (
AG73 binding to heparinp = 6.4 uM) was previously 41). AG73 partially inhibited heparin binding (data not
reported {6). The dissociation constant for red-G binding shown) and cell attachmerf,(15) to laminin-1, suggesting
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Ficure 8: Syndecan-4 binding to rex1G using human neonatal dermal fibroblast cell lysates. (A) Various amounts oflf@awvere
coated on the 96-well ELISA plate. Human neonatal dermal fibroblast cell lysate was added after blocking with 3% BSA. Syndecan-4
bound to the reex1G-coated plates was detected by anti-syndecan-4 antibody, biotinylated anti-mouse IgG antibody, and streptavidin-
conjugated horseradish peroxidase. (B) Effect of heparin and peptide on syndecan-4 binding1G r&¢ells were coated with rez1G

(2 ug/well). The fibroblast cell lysate was added with various concentrations of heparin or peptides. Triplicate experiments gave similar
results.

that the AG73 site functions as a heparin/heparan sulfatechain 27472765) was prepared and tested for cell attach-

binding and cell attachment site in laminin-1 although ment activity, the peptide strongly promotedgs1 integrin-

laminin-1 has multiple cell attachment sites. Other heparin mediated fibroblast attachmeri(). These data suggest that

binding sites in laminin-1 have been identifietl @4, 33, the connecting loop in the E and F strands of é¢tiechain

42, 43). These sites are important for interactions between LG4 module has also a potential to be involved in cell

laminin-1 and cell surface and extracellular heparan sulfate binding.

proteoglycans, such as syndecans and perlecan. In conclusion, we systematically screened the lamiriin
Recently, we have identified heparin binding sites in the chain G domain for heparin binding sites using a recombinant

laminin a3, 04, anda5 chain G domains using recombinant protein and 110 soluble synthetic peptides. Both AG73 and

proteins and synthetic peptides. A3G75aR (NSFMALYL- AG75, a newly identified heparin binding peptide, were able

SKGR, human laminina3 chain 1412-1423), A4G82 to complete the binding of reedG to heparin. AG73 and

(TLFLAHGRLVFM, mouse laminino4 chain 1514-1525), AG75 both interact with syndecan-4. These peptides are

and A5G81 (F4, AGQWHRVSVRWG, mouse laminib useful tools to investigate the heparin-mediated biological

chain 33373348) inhibited heparin binding to the G domain activities of the lamininul chain G domain.

recombinant protein86, 37, 38). Interestingly, these heparin

binding sites and the AG73 and AG75 sites are located in ACKNOWLEDGMENT

the LG4 module, but these sites are not homologous sites

based on alignment of the LG4 sequenes 45). A3G75aR We are grateful to Dr. Hynda K. Kleinman (National
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