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the myotendinous and neuromuscular junctions [7]. It
The dimer of integrin a7 and b1 is a major laminin- can exist in one of several different isoforms that result

binding receptor in skeletal muscle. We studied inter- from alternative mRNA splicing [8–10], with each
actions of integrin a7b1 with the extracellular matrix splice variant showing a distinct spatiotemporal pat-
protein laminin in solution and in intact cells. Integrin tern of expression. It has been postulated that, together
a7b1 bound to EHS laminin (laminin-1, composed of with b1, integrin a7 plays a crucial role in myoblast
a1, b1, and g1 chains), but not to endogenous laminin adhesion and migration on laminin substrate [11] and,
expressed in C2C12 myotubes. Northern blot analysis eventually, in the process of muscle development and
demonstrated that C2C12 myotubes synthesized lami- repair. Nonmyogenic cells, which did not migrate on
nin-1 a, b, and g subunits mRNAs. C2C12 laminin was, laminin and lacked endogenous integrin a7, but which
however, immunologically distinct from EHS laminin; were b1-positive, exhibit increased adhesion [12, 13]
it was not recognized by 5D3 anti-laminin-1 mono- or motility [12, 14] on laminin after transfection with
clonal antibody, whereas 5A2 and LT3 antibodies re- the integrin a7 gene.acted equally well with C2C12 and EHS laminins. Fol- Laminins are heterotrimeric extracellular matrixlowing deglycosylation of EHS laminin, separation of

proteins composed of a, b, and g chains [15, 16]. Theythe subunits by SDS–PAGE, Western blotting, and par-
play an important role in the growth, locomotion, andtial amino acid sequencing of the protein bands, the
differentiation of many cell types, including myoblastsepitope recognized by 5D3 antibody was localized to
[17–20]. Both myoblasts and differentiated myotubesthe g1 laminin chain. Following binding in vitro, the
synthesize laminin and deposit it at the cell surfacecomplex of EHS laminin and integrin a7b1 was subject
[17, 21, 22], although the expression of the individualto chemical cross-linking. The two proteins did not un-
laminin subunits is regulated differently during myo-dergo cross-linking at the cell surface, consistent with
genic differentiation. Laminin-1 (a1-b1-g1), which isthe fact that in intact, resting myotubes integrin a7b1
downregulated during differentiation, or laminin-2interacted poorly with EHS laminin, which may reflect

a limited accessibility of integrin a7b1 in the mem- (a2-b1-g1, merosin) and laminin-4 (a2-b2-g1, s-me-
brane to laminin or an inactive state of the integrin. rosin), which are upregulated, are required for my-
q 1998 Academic Press oblast fusion, but only merosins promote myotube sta-

bility by preventing apoptosis [23]. The effects of lami-
nins on intracellular signaling pathways are mediated
by integrin and nonintegrin receptors, including a-dys-INTRODUCTION
troglycan [24]. Molecular heterogeneity of laminins
provides the means for regional specialization of ECM.Integrins are a family of heterodimeric cell surface
For example, in the basal lamina that ensheathes skel-receptors which are involved in cell-extracellular ma-
etal muscle fibers, a1 and b2 subunits of laminin aretrix (ECM) and cell–cell interactions [1–3]. In adult,
specifically concentrated in the synaptic area, b1 chainnormal tissues, integrin a7 is most abundant in skele-
is excluded from the synapse, and several other sub-tal and cardiac muscle [4], where, as a dimer with inte-
units are distributed equally between the synaptic andgrin b1, it mediates interactions with the ECM protein
extrasynaptic portion of the lamina [25, 26].laminin [5]. Early during development, integrin a7 is

Integrin a7 is a major substrate for a cell-surface,expressed in nervous system and in myotome [6]. In
adult skeletal muscle, integrin a7 is concentrated in glycosyl-phosphatidylinositol-anchored ADP-ribosyl-

transferase [27, 28] in intact C2C12 myotubes [29]. In
the presence of micromolar concentrations of extracel-

1 Current address: Department of Biochemistry, Kansas State Uni- lular NAD, an arginine located in the 39-kDa domainversity, Manhattan, KS 66506.
of integrin a7, between amino acids 575 and 886, is2 To whom correspondence and reprint requests should be ad-

dressed. Fax: (301) 496 2363. E-mail: mossj@fido.nhlbi.nih.gov. ADP-ribosylated [29]. The ADP-ribose is cleaved by an
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West Grove, PA), followed by 30 min with protein G–Sepharose (50extracellular 5*-nucleotide phosphodiesterase, generat-
ml bed volume; Pharmacia, Sweden). Sepharose beads were washeding a phosphoribose moiety in the integrin structure
four times with 1 ml of lysis buffer. Laminin was released from the[30]. The role of this posttranslational modification in beads with 50 ml of SDS–PAGE gel-loading buffer. In some experi-

integrin function is not clear. To further understand ments, integrin a7b1, which coprecipitated with laminin, was re-
leased by washing the beads with the lysis buffer containing 10 mMthe function of integrin a7, we studied the interaction
EDTA instead of MnCl2, before incubation with SDS. For immuno-of a7b1 dimer with laminin-1, both in vitro and in in-
precipitation of integrin a7, the supernatant from cells on one 100-tact myotubes. The ability of integrin a7b1 to bind lam-
mm plate was incubated with a rabbit antibody raised against a

inin-1 was found to correlate with the presence of a peptide from the cytoplasmic domain (splice variant B) of integrin
specific isoform containing an epitope recognized by a7 (1:250 dilution, a gift from Dr. Stephen J. Kaufman, University of

Illinois, Urbana, IL), and then with protein G–Sepharose. Individual5D3 anti-laminin-1 antibody, but not with epitopes rec-
laminin subunits were resolved by SDS–PAGE under reducing con-ognized by other anti-laminin-1 antibodies. Further,
ditions, transferred to nitrocellulose membranes, incubated with LT3binding of integrin a7b1 to laminin-1 in solution, after (Upstate Biotechnology, Inc.), 5A2, or 5D3 antibodies (each at 5 mg/

extraction from the membrane with detergent, clearly ml), followed by anti-rat IgG-horseradish peroxidase conjugate, and
differed from that in the context of an intact cell, sug- visualized by an enhanced chemiluminescence detection system (Am-

ersham Corp., Arlington Heights, IL). Integrin a7 was detected ingesting that integrin a7b1 in myotubes might have
SDS gels by silver staining, or, if [32P]ADP-ribosylated, by autoradi-been masked or inactive.
ography.

Northern blotting. mRNA was isolated from C2C12 myotubes us-
EXPERIMENTAL PROCEDURES ing a FastTrack 2.0 kit (Invitrogen, San Diego, CA); RNA (5 mg)

was subjected to electrophoresis in a denaturing 0.8% agarose gel
Cell culture. C2C12 mouse myoblasts (American Tissue Culture containing formaldehyde and transferred to a nylon membrane. Pre-

Collection, Rockville, MD) were grown on plastic dishes in Dulbecco’s hybridization, hybridization, and radiolabeling of oligoprobes were
modified Earle’s medium with 10% fetal bovine serum under a hu- performed as described [25]. The following oligoprobes, specific for
midified atmosphere with 5% CO2. Cells were plated at a density the laminin a1 subunit, were used: CACTGTACTGCCCGGCAG-
Ç103/cm2, reached confluency on day 4, and were allowed to grow TGTTCAGGCTTCTCCTCTCCTTTGCAACAC or TCAGCTGGTCA-
for 6–8 more days until numerous well-differentiated myotubes were CGGTCAATCTCCCTTCTGGTATTAAAGTCCCGGAAGT (inverse
present. In some experiments, integrin a7 was [32P]ADP-ribosylated complement of nucleotides 1091–1138 and 2000–2047, respectively);
at the surface of intact cells by incubation for 30 min at 377C in 2 specific for the laminin b1 subunit: TCAAAGTGACACGAGCTGG-
ml of DPBS with 0.5 mM MgCl2, 0.9 mM CaCl2, 1 mM ADP-ribose, AATGTTCATTGCAGTTACATTTTTTGCAG, AACCTGGGCCTT-
and 5 mM [adenylate-32P]NAD (4 Ci/mmol). TTCTGCTTCTTCTAATGCTTCCTTCACCATGTCTGC, or TAA-

Laminin binding. To study binding in solution of laminin to inte- GCAGGTGCTGTAAACCGCAACTTTCTCACTTATGTCCTTAAG-
grin a7b1, cells on each 100-mm plate were treated for 10 min with GAG (inverse complement of nucleotides 1170–1217, 4951–4998, or
2 ml of lysis buffer (20 mM TrisrCl (pH 7.5), 150 mM NaCl, 50 mM 5488–5535 respectively); specific for the laminin g1 subunit: TTG-
octyl glucoside, 1 mM MnCl2, 1 mM AEBSF, 5 mg/ml each of leupeptin TCAAAGTTGTAGGCACTCGGCCGTCCTTCCAGGGTTGAAAAG-
and aprotinin) and pelleted by centrifugation (16,000g, 20 min, 47C). GCC, CAGCGCTAGCTGGGCCTCCCTTGTCTTCTCATTGGCTTC-
The supernatant (1 ml) was incubated for 30 min with EHS mouse AGCTATGGT, or CTTCTCGATAGACGGGGTGTTGAAGCAGCCG-
laminin (Life Technologies, Gaithersburg, MD) on ice, at indicated GTTGGTAGGGTCTTCTT (inverse complement of nucleotides 846–
concentrations. To study binding on intact cells, myotubes were incu- 893, 4369–4416, or 4957–5004, respectively).
bated for 30 min at 377C in Puck’s saline (182 mM NaCl, 5.4 mM De-N-glycosylation and amino acid sequencing of EHS laminin
KCl, 4 mM NaHCO3, 5.5 mM glucose) containing laminin at the subunits. EHS laminin (0.7 mg/ml, 200 ml total volume) was incu-
indicated concentration and 1 mM MnCl2, unless indicated other- bated for 2 min at 907C in 20 mM TrisrCl (pH 7.5), 150 mM NaCl, 50
wise. Phosphate-based buffer was omitted to avoid precipitation of mM EDTA, 0.1% SDS, and 0.5% b-mercaptoethanol, unless indicated
phosphatermanganese complexes. Similar results were obtained otherwise. Then 0.5% octyl glucoside, endoglycosidase-F (40 units;
when myotubes were incubated in DPBS3 with 0.5 mM MgCl2 and Oxford Glycosystems, Rosedale, NY), and peptide-N-glycosidase F
0.9 mM CaCl2. (40 units; Oxford Glycosystems) were added and incubation was con-

Immunoprecipitation and detection of laminin and integrin. Cells tinued for 16 h at 377C. Individual laminin subunits were resolved
on each 100-mm plate were treated with 2 ml of lysis buffer, scraped, by SDS–PAGE in 4% gels under reducing conditions and stained
and centrifuged (16,000g, 20 min, 47C). For immunoprecipitation of with Coomassie blue or transferred to nitrocellulose membranes for
laminin, the supernatant was incubated for 2 h on ice with rat anti- reaction with different anti-laminin antibodies. Coomassie blue-
mouse laminin monoclonal antibodies 5A2, 5C1, or 5D3 (5 mg/ml; stained bands ofÇ210 and 190 kDa, which were observed after degly-
Life Technologies, Gaithersburg, MD, or Dr. Dale R. Abrahamson, cosylation of the denatured laminin and corresponded to immunore-
University of Alabama, Birmingham, AL), then for 1 h with rabbit active species, were excised from the gel and analyzed by Lys-C
anti-rat IgG (5 mg/ml; Jackson ImmunoResearch Laboratories, Inc., endoprotease digestion, separation of peptides by reversed-phase

HPLC, and amino acid sequencing (Dr. William Lane, Harvard Mi-
crochemistry Facility, Cambridge, MA).

3 Abbreviations used: EHS laminin, laminin isolated from Engle- Protein cross-linking. Protein complexes were cross-linked with
DTSSP (Pierce, Rockford, IL), a membrane-impermeant, thiol-cleav-breth–Holm–Swarm tumor; DPBS, Dulbecco’s modified phosphate-

buffered saline; Hepes, 4-(2-Hydroxyethyl)-1-piperazineethanesul- able cross-linker. Since DTSSP reacted with primary amines, cross-
linking was performed in buffers lacking these functional groups.fonic acid; AEBSF, 4-(2-Aminoethyl)-benzenesulfonyl fluoride;

PMSF, Phenylmethylsulfonyl fluoride; DTSSP, 3,3*-dithiobispropio- For cross-linking solubilized proteins, myotubes on each 100-mm
plate were treated with lysis buffer (2 ml) containing 20 mMnimidate.

4 Since antibodies specific for mouse laminin a1 or a2 were not HepesrKOH, pH 7.5, instead of TrisrCl, and 1 mM PMSF instead
of AEBSF, and centrifuged. The supernatant (1 ml) was incubatedavailable to us, only expression of laminin subunit mRNA could be

evaluated. with indicated amounts of laminin for 30 min on ice before addition
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a7b1 was detected in the immunoprecipitate obtained
with an anti-laminin antibody (Fig. 1A, lane 2), and
laminin was present in the material immunoprecipi-
tated with an anti-integrin a7 antibody (Fig. 1B, lane
2). Results were similar when 5A2, 5C1, or 5D3 anti-
laminin antibodies were used for immunoprecipitation.
The complex of integrin a7b1 and EHS laminin seemed
to be relatively stable, since the amounts of the proteins
were unchanged after incubation of the precipitate for
3 h in washing buffer (Figs. 1A and 1B, lane 3).

FIG. 1. Formation of a stable complex of integrin a7b1 and EHS Skeletal muscle myoblasts synthesize laminin [17,
laminin in solution. C2C12 myotube lysate (1 ml) was incubated with 21–23] and, consistently, laminin b1 chain was de-
EHS laminin (10 mg; lanes 2 and 3) or without laminin (lane 1) and tected by Western blotting in the immunoprecipitate
immunoprecipitated with 5A2 anti-laminin b1 antibody (A) or anti-

from C2C12 myotubes (Fig. 1A, lane 1). Integrin a7b1integrin a7 antibody (B). (A) The amount of immunoprecipitated
did not, however, coimmunoprecipitate with endoge-laminin b1 was assessed by Western blotting with 5A2 antibody.

Integrin a7b1 bound to laminin was eluted from the immunoprecipi- nous laminin, nor was endogenous laminin isolated
tate with buffer containing EDTA, and analyzed by SDS–PAGE and with anti-integrin a7 antibody (Fig. 1B, lane 1). When
silver staining. (B) Cells were incubated with [32P]NAD prior to lysis, equivalent amounts of myotube and EHS lamininsEHS laminin binding, and immunoprecipitation. The amount of

were isolated by immunoprecipitation, washed with[32P]ADP-ribosylated and immunoprecipitated integrin a7 was esti-
buffer containing EDTA and lactose to remove lectin L-mated after SDS–PAGE and autoradiography. Laminin, which co-

precipitated with integrin a7, was detected by Western blotting using 14 and other proteins possibly bound to the endogenous
5A2 antibody. In lane 3, the immunoprecipitate was subjected to an laminin that could block subsequent integrin binding
additional 3 h wash before SDS–PAGE. Positions of molecular [31, 32], and mixed with C2C12 cell lysate, integrinweight markers (kDa) are indicated on the left, laminin and integrin

a7 was retained only by EHS laminin and not by thesubunits on the right. Abbreviations are: Ia7, integrin a7; Ib1, inte-
grin b1; Lb1, laminin b1. myotube laminin (Fig. 2).

It had been observed that the expression of laminin
a1 chain was downregulated and a2 subunit upregu-
lated during myogenic differentiation [23]. It seemedof 0.5 mM DTSSP. After 30 min, cross-linking was stopped by adding

50 mM TrisrCl, pH 7.5, and proteins were immunoprecipitated. For
cross-linking laminin to cell-surface proteins in laminin overlay ex-
periments, myotubes were incubated for 30 min at 377C in Puck’s
saline (2 ml) containing 1 mM MnCl2 and laminin, and then for next
30 min with 0.5 mM DTSSP, washed, and lysed with 2 ml of TrisrCl-
containing lysis buffer. EHS laminin, which was supplied in TrisrCl
buffer, was dialyzed against Puck’s saline prior to cross-linking. In
another set of experiments, cells were detached from plates with
DPBS containing 5 mM EDTA, washed with Puck’s saline containing
1 mM MnCl2, and plated on laminin-coated dishes. After 1 h, when
most of the cells had adhered to plates, 0.5 mM DTSSP was added
and incubation was continued for 30 min, followed by a wash and
lysis with TrisrCl-containing lysis buffer. Similar results were ob-
tained when myotubes were incubated in DPBS with 0.5 mM MgCl2

and 0.9 mM CaCl2 instead of Puck’s saline. When [32]ADP-ribosyla-
tion of integrin a7 was performed first, the cross-linking buffer con-
tained 1 mM IDP instead of ADP-ribose, routinely used to inhibit
removal of the radiolabel from the integrin by a 5*-nucleotide phos-
phodiesterase [30].

FIG. 2. Binding of integrin a7b1 to EHS laminin and to endoge-RESULTS
nous laminin produced by C2C12 myotubes. Endogenous laminin
produced by C2C12 myotubes on one 100-mm plate (M) or an equiva-Integrin a7b1 interacts in vitro with laminin purified
lent amount of EHS laminin (0.7 mg, E) was immunoprecipitatedfrom mouse Englebreth–Holm–Swarm (EHS) tumor with 5A2 antibody and washed with buffer containing 10 mM EDTA

(laminin-1, composed of a1, b1, and g1 chains) and it and 0.1 M lactose. On a parallel plate, C2C12 myotubes were incu-
can be efficiently purified on an EHS laminin affinity bated with [32P]NAD, lysed, and mixed with each laminin immuno-

precipitate. Integrin a7b1 retained on laminin was then eluted withcolumn [4, 5, 29]. Here, we studied the interaction be-
buffer containing EDTA and analyzed by SDS–PAGE and silvertween these two proteins by immunoprecipitation with
staining (B) or autoradiography (C). The amount of laminin in theanti-laminin or anti-integrin antibody. When EHS lam- immunoprecipitate, after treatment with SDS sample buffer, was

inin was added to C2C12 mouse myotube lysate, a com- estimated by SDS–PAGE and Western blotting with 5A2 antibody
(A). Abbreviations are as in Fig. 1.plex of integrin a7b1 and laminin was formed. Integrin
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and Ç220 kDa (unresolved b1 and g1 subunits, reac-
tive with all three antibodies) were observed (Fig. 5,
lane 1). Following enzymatic de-N-glycosylation, three
distinct laminin bands, which represented individual
laminin subunits, were observed on gels (Fig. 5, lane
3). Thermal denaturation and reduction of EHS lami-
nin were required for effective de-glycosylation and res-
olution of b1 and g1 chains (Fig. 5, compare lanes 2
and 3). TheÇ210-kDa band reacted with 5A2 antibody
and was confirmed by microsequencing to be the b1
subunit. Two peptides were separated from this proteinFIG. 3. Northern analysis of C2C12 myotube RNA. mRNA from
after cleavage with Lys-C protease. Their amino acidC2C12 myotubes (5 mg) was hybridized with oligoprobes specific for

laminin a1, b1, and g1 subunits, as indicated. Positions of molecular sequences, NSDIQGALDSITK and DILAQSPAA-
weight markers (kb) are on the left. EPLK, correspond to residues 1311–1232 and 1232–

1244, respectively, in the mouse laminin b1 sequence.
TheÇ190-kDa species reacted with antibodies LT3 and
5D3 and was identified as the g1 chain. Sequences ofprobable, therefore, that the composition of laminin

subunits produced by C2C12 myotubes differed from two peptides derived from this protein, GRSTLQEAN-
DILNNLK and EGFFGNPLAPNPADK, represent resi-those of EHS laminin, accounting for the apparently

different affinities of integrin a7b1 for the two proteins. dues 1352–1367 and 864–878 in the mouse laminin
g1 subunit. RT-PCR analysis of the g1 mRNA (residuesNorthern blot analysis of C2C12 RNA revealed, how-

ever, that mRNA’s for all laminin-1 subunits, i.e., a1, 4177–5007, corresponding to amino acids 1329–1605,
contained within the E8 fragment of laminin) did notb1, and g1, were present in the myotubes (Fig. 3). In

fact, using several different oligoprobes, it was found reveal any evidence of alternative splicing of g1 mRNA
in C2C12 cells; only one amino acid difference was ob-that the level of laminin a2 mRNA was significantly

lower than a1 mRNA (result not shown), which can be served (Arg at position 1473 for Lys).
Since EHS laminin bound well to integrin a7b1 inattributed to the continuous presence of high serum

concentrations in the myoblast growth medium [23]. vitro, we investigated the interactions between those
two proteins in the context of an intact cell. MyotubesTherefore, it seems conceivable that, in C2C12 myo-

tubes, laminin a1, b1, and g1 subunits were synthe- were incubated with EHS laminin, washed, lysed, and
subjected to immunoprecipitation with anti-lamininsized and assembled into type 1 laminin.

EHS and myotube laminins were distinguished by antibody. Total amount of laminin associated with cells
was estimated based on the blotting of known amountstheir reactivity with several different anti-laminin an-

tibodies. Amounts of C2C12 and EHS laminin that of EHS laminin (Fig. 6A). Amounts of integrin a7 found
in the immunoprecipitates were dependent on the lami-were equivalent by Western blotting with 5A2 and LT3

antibodies, differed dramatically in their reactivity nin concentration during incubation with intact cells
with 5D3 antibody. C2C12 laminin was not recognized
by 5D3 antibody, whereas EHS laminin reacted well
(Fig. 4).

5A2 and 5D3 antibodies were originally raised
against mouse EHS laminin, and the domains recog-
nized by those antibodies were established by rotary
shadow electron microscopy [33]. 5A2 antibody bound
to a site on one of the short arms of laminin, which
was later demonstrated to be the b1 chain [26]. 5D3
antibody site was localized to the long arm of laminin,
comprising all three laminin subunits, Ç14 nm from
the terminal globular domain, within the E8 fragment
generated by elastase digestion [33]. It had not been
determined which laminin subunit within the long arm
reacted with antibody 5D3. Since 5D3 was the only
antibody capable of distinguishing between EHS and

FIG. 4. Immunological distinction between C2C12 laminin andC2C12 laminins in our experiments, we identified the
EHS laminin. C2C12 myotube lysate (20 ml, corresponding to 1% oflaminin chain containing 5D3 epitope. When EHS lam- cells on a 100-mm plate; M) or EHS laminin (0.2 mg; E) was analyzed

inin was subjected to SDS–PAGE under reducing con- by Western blotting with anti-laminin antibodies 5A2, LT3, or 5D3,
as indicated.ditions, two protein bands of Ç400 kDa (a1 subunit)
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FIG. 5. Localization of epitopes recognized by 5A2, LT3, and 5D3 antibodies to individual EHS laminin subunits. EHS laminin (lane
1) was treated with Endoglycosidase F and Peptide-N-glycosidase F (60 units of each enzyme/mg of laminin) for 16 h at 377C in its native
form (lane 2) or after denaturation with 0.1% SDS and 0.5% b-mercaptoethanol and heating to 907C, as described under Experimental
Procedures (lane 3). Coomasie blue (CB)-stained SDS–polyacrylamide gel and Western blots with antibodies 5A2, LT3, or 5D3 are shown.
Two separate protein bands of Ç200-kDa, generated by the deglycosylation of denatured EHS laminin (A, lane 3), were confirmed by
microsequencing to be laminin b1 and g1 subunits, as indicated. The third distinct protein band of a significantly higher molecular weight
was assumed to be the laminin a1 subunit.

(Fig. 6B, closed triangles). The relationship between Binding of EHS laminin to integrin a7b1 required
Mn2/ ions and did not occur in the presence of Ca2/ andintegrin a7 and EHS laminin retained by cells and

present during the immunoprecipitation (Fig. 6B, open Mg2/ ions (Table 1). When intact myotubes were incu-
bated with EHS laminin in the presence of either Mn2/triangles) was, however, identical to the relationship

observed when the interaction occurred in solution or Ca2/ and Mg2/, then washed, lysed in buffer containing
Mn2/, and subjected to immunoprecipitation with anti-(Fig. 6B, closed circles). Since the complex of integrin

a7b1 and EHS laminin was stable over a period of laminin antibody, the amounts of integrin a7 co-precipi-
tated with laminin were the same (Table 1). This is con-several hours (Fig. 1, lane 3), one would expect larger

amounts of integrin a7 being isolated if the complex sistent, again, with formation of the integrin a7b1rEHS
complex laminin after cell lysis, in the presence of manga-was formed in intact cells, when the actual concentra-

tion of laminin was higher. In our studies, EHS laminin nese, rather than at the cell surface.
To address directly the question of the interactioncould have been retained at the surface of intact myo-

tubes by a different receptor or even nonspecifically, of EHS laminin with integrin a7b1 in intact myo-
tubes, chemical cross-linking of the lamininrinte-followed by interaction with integrin later on, in solu-

tion, after lysis of the cells. grin complex was performed. The cross-linker,

FIG. 6. Binding of EHS laminin to C2C12 myotubes. Intact C2C12 myotubes were incubated in Puck’s saline with 1 mM MnCl2 for 30
min at 377C in the presence of EHS laminin at indicated concentrations, washed, lysed, and either analyzed by SDS–PAGE and Western
blotting using LT3 antibody (A) or subjected to immunoprecipitation with 5A2 antibody (B). (A) Total amounts of laminin associated with
cells on one 100-mm plate were estimated by comparing intensities of laminin bands on Western blots with intensities corresponding to
known amounts of EHS laminin. (B) The amount of integrin a7 bound to laminin was quantified after incubation of the immunoprecipitate
with buffer containing EDTA, gel electrophoresis of the eluate, and silver-staining. Integrin a7 is plotted as a function of EHS laminin
concentration present during incubations with C2C12 cells (m) or EHS laminin bound to cells, as estimated from A (n). Alternatively, EHS
laminin was added to lysed cells, lamininrintegrin a7b1 complex formed in solution was immunoprecipitated, and the amount of integrin
a7 in the precipitate was plotted as a function of laminin concentration present during immunoprecipitation (l).
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TABLE 1

Effects of Divalent Cations on Formation of EHS Laminin
Integrin a7b1 Complex

Mn2/ Ca2//Mg2/

In vitro
Integrin a7 (ng) 20 { 4 0
Laminin g1 (ng) 390 { 50 420 { 40

In intact myotubes
Integrin a7 (ng) 3.1 { 0.4 2.6 { 0.4
Laminin g1 (ng) 80 { 9 78 { 7

Note. C2C12 myotubes from one 100-mm plate were lysed with
buffer containing either 1 mM MnCl2 or 0.5 mM each of CaCl2 and
MgCl2 and incubated with EHS laminin (10 mg/ml). Alternatively, FIG. 7. Cross-linking of laminin and integrin a7 in solution.
intact myotubes were incubated with EHS laminin (10 mg/ml) in the C2C12 myotubes on each 100-mm plate were incubated with [32P]-
presence of 1 mM MnCl2 or 0.5 mM each of CaCl2 and MgCl2, washed, NAD, washed, treated with lysis buffer (2 ml), and centrifuged, as
and treated with lysis buffer containing 1 mM MnCl2. Lamininrinte- described under Experimental Procedures. The supernatant (1 ml)
grin a7b1 complex was immunoprecipitated with 5A2 anti-laminin was incubated for 30 min at 47C with EHS laminin (10 mg/ml) and
antibody. Integrin a7 was eluted with a buffer containing EDTA, treated with 1 mM DTSSP. Lamininrintegrin a7 complex was immu-
subjected to SDS–PAGE, and silver stained. Laminin was eluted noprecipitated with anti-integrin a7 (B) or 5A2 anti-laminin antibody
with SDS sample buffer and analyzed by SDS–PAGE and Western (C) and washed with buffer without or with 10 mM EDTA, as indi-
blotting with LT3 antibody. Intensities of integrin or laminin bands cated. (A) Radiolabeled integrin a7 before and after DTSSP treat-
were quantified by densitometry and compared with known amounts ment was analyzed by nonreducing SDS–PAGE and autoradiogra-
of a standard protein or laminin, respectively. Data are the means phy. (B) Laminin, coprecipitated with a7, was detected by Western
{ SE from three experiments. blotting with LT3 antibody. (C) Radiolabeled integrin a7, coprecipi-

tated with laminin, was detected by autoradiography.

DTSSP, contained a disulfide bond, which allowed
Again, washing of the immunoprecipitate withdissociation of the cross-linked proteins under reduc-
EDTA resulted in complete dissociation of the inte-ing conditions. First, cross-linking of the lamininrin-
grinrlaminin complex (Figs. 9A and 9B), irrespectivetegrin complex was performed in solution. As demon-
of cross-linking. In this experiment, cross-linking it-strated by the position of the radiolabeled integrin
self interfered with the coimmunoprecipitation ofa7 on SDS–PAGE without reduction, high molecular
the two proteins, although not with recognition byweight, cross-linked structures were formed (Fig.
the antibodies. The amounts of integrin isolated with7A). Following incubation with EHS laminin, the
anti-integrin antibody (Fig. 9A) and laminin isolatedlamininrintegrin complex was immunoprecipitated

with either anti-integrin a7 antibody (Fig. 7B) or
anti-laminin antibody (Fig. 7C). Washing the immu-
noprecipitate with EDTA completely disrupted the
complex, unless cross-linking had been performed
first. When the cross-linker was applied to intact
C2C12 myotubes incubated with EHS laminin, nota-
bly different results were obtained. In this case,
there was no immunoprecipitation of laminin with
anti-integrin antibody (Fig. 8B) or integrin with
anti-laminin antibody (Fig. 8C) after the EDTA
wash. Integrin a7 became covalently attached, how-
ever, to other, unidentified proteins at the cell sur-
face, as manifested by its migration in a nonreducing
gel (Fig. 8A). Therefore, in intact myotubes, EHS
laminin did not seem to be complexed with integrin
a7b1. FIG. 8. Inability to cross-link soluble EHS laminin and integrin

To exclude the possibility that integrin a7b1 in a7 at the surface of C2C12 myotubes. C2C12 myotubes were incu-
bated with [32P]NAD, washed, and incubated with EHS laminin (10intact cells binds only a multivalent ligand and not
mg/ml) in Puck’s saline (2 ml) with 1 mM MnCl2 for 30 min beforeits soluble form, myotubes were detached from cul-
addition of 1 mM DTSSP, cell lysis, and immunoprecipitation. Theture plates with medium containing EDTA, washed, extent of cell surface cross-linking of integrin a7, as well as formation

plated on dishes coated with EHS, and incubated of the lamininrintegrin complex was examined in A, B, and C, respec-
tively, as described in the legend to Fig. 7.with the cross-linker before immunoprecipitation.
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exposure of laminin (Fig. 9C, lane 3), integrin (Fig.
9C, lane 2), or both (Fig. 9C, lane 4), to the cross-
linker decreased the extent of subsequent interac-
tion of the two proteins.

DISCUSSION

Integrin a7b1 is considered a major laminin-binding
integrin in skeletal muscle. We studied interactions
between laminin and integrin a7b1 both in vitro and
in intact myotubes by immunoprecipitating complexes
of the two proteins with anti-laminin or anti-integrin
antibodies. We show that, whereas integrin a7b1 binds
EHS laminin well in vitro, its interaction with the same
ligand, either monovalent or multivalent, did not occur
in intact cells. Laminin produced by C2C12 myotubes
does not form a complex with integrin a7b1 either in
vitro or in cells.

Anti-integrin antibody used in our studies reactedFIG. 9. Inability to cross-link immobilized EHS laminin to inte-
grin a7 at the surface of C2C12 cells. C2C12 myotubes were incu- only with a7B splice variant. Since differentiated myo-
bated with [32P]NAD, detached from plates with 5 mM EDTA, tubes express both a7B and a7A forms, with different
washed, suspended in buffer containing 1 mM MnCl2, and plated on splicing in their cytoplasmic domains [8–10], those ex-a laminin-coated dish. After 30 min, 1 mM DTSSP was added to

periments provided information about only a subpopu-adherent cells. Lamininrintegrin a7 complex was immunoprecipi-
lation of integrin a7 molecules present in the myotubes.tated with anti-integrin a7 antibody (A) or 5A2 anti-laminin antibody

(B) and washed with buffer without or with 10 mM EDTA, as indi- The results obtained with anti-integrin antibody paral-
cated. (A) Laminin coprecipitated with a7 was detected with LT3 leled, however, the findings obtained with anti-laminin
antibody. Treatment of cells with DTSSP or washing of the immuno- antibodies (Figs. 1 and 7–9), which may reflect similarprecipitate with EDTA did not alter the amount of immunoprecipi-

ligand binding properties of integrin a7A and a7B iso-tated, radiolabeled integrin a7, as documented by autoradiography.
(B) Integrin a7, coprecipitated with laminin, was detected by autora- forms.
diography. Immunoprecipitation of laminin was not affected by Of the several anti-laminin monoclonal antibodies
DTSSP treatment of cells or washing of the immunoprecipitate with used, 5D3 antibody was found particularly useful, since
EDTA, as verified by Western blotting with LT3 antibody. (C) C2C12

the presence of an epitope recognized by this antibodymyotubes were detached, plated on EHS laminin-coated dishes, and
correlated with laminin ability to bind to integrin a7b1.incubated without (lanes 1 and 2) or with DTSSP (lanes 3 and 4),

followed by laminin immunoprecipitation. On a parallel plate, myo- 5D3 antibody did not interfere, however, with the for-
tubes were treated for 30 min with [32P]NAD, washed, and then mation of lamininrintegrin complex, suggesting that
further incubated without (lanes 1 and 3) or with DTSSP (lanes 2 binding sites for integrin a7b1 and the antibody wereand 4). Radiolabeled myotubes were lysed and mixed with laminin

different and not located in close proximity. Rather,immunoprecipitates. Binding of [32P]ADP-ribosylated integrin a7 to
the 5D3 epitope could have more global structural ef-laminin was detected by SDS–PAGE and autoradiography. Expo-

sure of either integrin a7 (lane 2) or laminin (lane 3) or both proteins fects on the laminin molecule that affect the integrin
(lane 4) to DTSSP in intact myotubes decreased the extent of binding. a7b1 binding site. This is consistent with the fact that

both integrin a7b1 [5] and 5D3 antibody [33] bound
the E8 fragment of laminin, generated by elastase di-
gestion.with anti-laminin antibody (Fig. 9B) were similar

with or without cross-linking, in the presence or ab- The epitope recognized by 5D3 antibody had been
localized by rotary shadow electron microscopy to thesence of EDTA. The lack of coimmunoprecipitation

of laminin and integrin observed after addition of long arm of laminin, Ç14 nm from the terminal globu-
lar domain [33], within the rod-like structure formedcross-linker (Figs. 9A and 9B, lane 2) is consistent

with the notion that the interaction between those by a triple coiled-coil helix and comprising a1, b1, and
g1 chains [34]. Here, we mapped the recognition sitetwo proteins did not occur at the cell surface, prior

to cross-linking, but rather in solution, after lysis of of 5D3 to the g1 chain of EHS laminin. This is consis-
tent with different patterns of immunostaining by 5D3the cells. Since cross-linking after cell detachment

and adhesion (Fig. 9) involved much lower quantities and 5A2 antibodies in the renal glomerular basement
membrane [35]. Those two antibodies react with aof laminin than did the experiment with soluble lam-

inin (Fig. 8), it is possible that it resulted in a more Ç220-kDa protein band in Western blots following
SDS–PAGE under reducing conditions, which containscomplete modification of laminin, which was then

unable to interact with integrin in solution. Indeed, unresolved b1 and g1 laminin chains. 5A2 antibody
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was unequivocally shown to recognize b1 chain by Results obtained in nonmyogenic cell types provide
evidence for an active role of integrin a7 in mediatingstaining fibroblasts transfected with a laminin b1 ex-

pression vector [26]. Here, following de-N-glycosyla- cell adhesion to or migration on laminin. Human kid-
ney and melanoma cells, which were immobile on lami-tion, we were able to resolve and identify by micro-

sequencing b1 and g1 laminin subunits, which indeed nin and devoid of endogenous integrin a7, but ex-
pressed integrin b1, gained motility after transfectionreacted differently with 5A2 and 5D3 antibodies.

De-glycosylated laminin g1, but not the b1 chain, with integrin a7B cDNA, while their adhesion to lami-
nin was not changed [14]. In other experiments, inte-also reacted with LT3 antibody. This is incompatible

with the notion that LT3 antibody recognizes mouse grin a7b1 expressed in human breast carcinoma or fi-
brosarcoma cells promoted adhesion and motility onlaminin b1 subunit, which was established previously

by comparative immunofluorescence on sections of hu- laminin, which was blocked by a function-perturbing
antibody against integrin a7 [12, 13]. Another anti-a7man tissues [36].

The reason that 5D3 antibody reacted differently antibody completely and selectively blocked adhesion
and migration of myoblasts on laminin-1 and, to awith EHS laminin and laminin synthesized by C2C12

myotubes is not clear. C2C12 mRNA hybridized with much lesser extent, on merosin [11]. Our findings point
to important differences in the properties of integrinseveral g1-specific oligoprobes, and g1 protein was de-

tected with LT3 antibody in the immunoprecipitates a7b1 in solution, i.e., after extraction from the mem-
brane with a detergent, in nonmyogenic cells or in myo-from C2C12 cells obtained with 5A2 antibody (Fig. 9).

Therefore, it appears that C2C12 myotubes were capa- blasts, and in intact myotubes, where interactions be-
tween laminin and integrin a7b1 seem to be attenu-ble of synthesizing the g1 subunit and assembling it

into multisubunit laminin oligomers. Since no alterna- ated. Two possible explanations of this finding include
steric hindrance imposed by the membrane environ-tive splicing of the g1 mRNA in the E8 region and only

one amino acid difference from the published sequence ment or an inactive state of the integrin [40].
Recently, it has been reported that one of the two(Arg to Lys) were detected in C2C12 cells, the lack of

reactivity with 5D3 antibody may reflect a different proteins, laminin-1 or merosin (laminin-2/-4, a2-b1/b2-
g1), was required to induce myoblast differentiation,posttranslational modification, leading to a loss of the

5D3, but not the LT3, epitope, or perhaps differences but only merosin promoted myotube stability by pre-
venting apoptosis [23]. Since integrin a7b1 binds lami-in preparation of the laminins. It has been reported

that mouse C2 myoblasts synthesized two immunologi- nin in vitro and because there is a switch in expression
of different splice variants of both integrin subunitscally distinct forms of laminin b2 chain (s-laminin),

which differed by an unidentified posttranslational during myogenic differentiation, which is coincidental
with the switch in expression of laminin-1 and merosin,modification other than N-linked glycosylation [37].

Similar modification could be involved in the genera- it has been postulated that integrin a7b1 could be a
functional receptor for laminin-1 or merosin. Consis-tion of a g1 chain immunologically different from the

one synthesized by EHS tumor cells. tently, myofibers of merosin-deficient human patients
and mice showed an abnormal expression and localiza-In intact C2C12 myotubes, we were unable to detect

a complex between integrin a7b1 and laminin, either tion of a7A/Bb1D isoforms throughout the sarcolemma
[41]. The localization of a7b1 was intact, however, atendogenous or that produced by EHS tumor cells,

which bound well to the integrin in vitro. Cross-linking the myotendinous junction [41]. Interestingly, an im-
pairment of function of myotendinous junction was ob-of cell surface proteins provided no evidence of interac-

tion between laminin and integrin a7b1 (Fig. 8). Since served in knockout mice lacking the a7 gene, whereas
no defect in myogenesis was detected [42]. This raisesintegrin occupancy and aggregation often have syner-

gistic roles in the activation of postreceptor cellular the question of a7b1 integrin being a receptor mediat-
ing the functions exerted by laminin-1 or merosin out-events [38, 39], it could be postulated that integrin

a7b1 has a low affinity for soluble, monovalent lami- side the myotendinous junction. Moreover, although fu-
sion-deficient myoblast clones expressed neither lami-nin, and a multivalent ligand is required to induce a

high-affinity conformation of the receptor. No cross- nin-1 nor merosin, either one of the two proteins added
to the culture medium induced their fusion [23]. Simi-linking of laminin and integrin a7b1 was observed,

however, following attachment of C2C12 myotubes to larly, exogenous merosin converted unstable myotubes,
which were devoid of merosin, to a stable phenotypelaminin immobilized on plastic dishes in a multivalent

network (Fig. 9). In this experiment, any endogenous [23]. This suggested that a putative receptor for lami-
nin/merosin, involved in myoblast fusion and furtherproteins, which might have been bound to integrin

a7b1 and blocking its interactions with EHS laminin, conferring myotube stability, could bind to both endog-
enous and exogenous ligands in intact cells. Based onshould have been removed during detachment of cells

with EDTA, prior to adhesion to a laminin-coated sur- the findings presented here, this receptor does not seem
to be integrin a7b1.face.
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