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ABSTRACT: A recently described procedure of reduction and carboxymethylation followed by heparin- 
Sepharose chromatography [Arumugham et al. (1988) Connect. Tissue Res.  18, 135-1471 was used to 
characterize high-affinity heparin binding fragments of the laminin “A” chain. Two laminin fragments 
of MI 53K and 43K selectively bound to the heparin-Sepharose column from the chymotrypsin digest of 
laminin, indicating that these fragments originate from the “A” chain. Without reduction and carboxy- 
methylation but in the presence of 2.0 M urea, the heparin-Sepharose-bound material from the chymotrypsin 
laminin digest contains all the attachment-promoting activity for normal mouse mammary epithelial cells. 
The reduced 200-kDa intact three short a rm fragment, fragments of M,  70K-160K obtained either from 
laminin or from the reduced 200-kDa three short a rm fragment, and the 53-kDa heparin binding fragment 
were all inactive in promoting the adhesion of mouse mammary epithelial cells. The mammary epithelial 
cell adhesion and spreading properties of laminin are associated with the high-affinity heparin binding 43-kDa 
fragment. The mammary epithelial cells attach to the 43-kDa fragment substrate and synthesize laminin, 
collagen type IV, and desmoplankins I and I1 as are the cells attached to laminin substrate and to the cells 
grown on tissue culture dishes. The biologically active 43-kDa fragment is generated from laminin, but 
not from the three short a rm fragment. These results suggest that normal mouse mammary epithelial cells 
interact with laminin through a single site which is present in the 43-kDa heparin binding fragment located 
on the long arm of the “A” chain. 

x e  glycoprotein laminin ( M ,  850K) is the most abundant 
component of specialized extracellular matrices known as 
basement membranes (Chung et al., 1979; Timpl et al., 1979). 
Laminin consists of three chains designated “A” (MI 400K), 
“BI” (MI 220K), and “B2“ ( M ,  200K); all three have been 

‘This work was supported by NIH Grants AR 20553, HL 29492, and 

* Address correspondence to this author at Cancer Diagnostic Inc., 
AR 07490. 

2101 E. Jefferson St., Suite 310, Rockville, MD 20852. 

0006-2960/90/0429-6768$02.50/0 

cloned and sequenced to full length (Sasaki & Yamada, 1987; 
Sasaki et al., 1987, 1988; Pikkarainen et al., 1987). By ro- 
tary-shadowing electron microscopy, laminin has the shape 
of an asymmetric cross with one long arm and three short arms 
(Engel et al., 1981). Laminin is synthesized by a variety of 
cell types which include endothelial, epithelial, muscle, and 
Schwann cells and is involved in numerous biological functions 
(Kleinman et al., 1985; Liotta et al., 1986; Martin & Timpl, 
1986; Timpl, 1989; Panayotou et al., 1989). By interaction 
with components of basement membrane macromolecules such 
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as collagen type IV  (Woodley et al., 1983; Rao et al., 1985; 
Charonis et al., 1985; Laurie et al., 1986) and heparan sulfate 
proteoglycans (Sakashita et al., 1980; Delrosso et al., 1981) 
as well as with itself (Yurchenko et al., 1985), laminin plays 
a crucial role in determining the structure of basement mem- 
branes. Laminin also has the ability to interact with a variety 
of cell types through cell surface molecules, such as the 67-kDa 
laminin receptor (Rao et al., 1983, 1989; Terranova et al., 
1983; Barsky et al., 1984; Malinoff & Wicha, 1983; Lesot et 
al., 1983; Graf et al., 1987a,b; Sugrue, 1987), the integrin- 
related proteins (Horwitz et al., 1985; Gehlsen et al., 1988; 
Tamoselli et al., 1988), and sulfated glycolipids (Roberts et 
al., 1985). Through these interactions, laminin promotes cell 
adhesion, growth, morphology, differentiation, migration, 
agglutination, and neurite outgrowth and metastasis. 

To identify and characterize domains with biological ac- 
tivity, the laminin molecule has been fragmented with pro- 
teolytic enzymes, and the isolated fragments have been used 
in functional assays. These studies report the following: (1) 
The E8 fragment ( M ,  280K), encompassing half of the long 
arm including the large globule, binds to heparin (Ott et al., 
1982), promotes cell adhesion and spreading, and facilitates 
neurite outgrowth (Edgar et al., 1984; Engvall et al., 1987; 
Dillner et al., 1988; Nurcombe et al., 1989). (2) Fragment 
E5 (30K-50K) originated from short arms promotes attach- 
ment and spreading of rat hepatocytes (Timpl et al., 1983). 
(3) The binding to the tumor cells occurs at the intersection 
of the three short arms ( M ,  300K-400K); this region does not 
bind to type IV collagen (Terranova et al., 1983). By use of 
monoclonal antibodies, four distinct heparin binding sites and 
a cell attachment promoting site near the intersection of the 
short arms but on the long arm for highly metastatic mela- 
noma cell line K-1735 M4 (Skubitz et al., 1987, 1988) were 
reported. In a recent approach, the sequence information of 
all three chains was used to make synthetic peptides which 
may promote adhesion and migration of a variety of cell types 
and for binding to heparin in solid phase binding and com- 
petition assays. Three synthetic peptides designated YIGSR, 
PA 22-2, and F-9 were reported to be biologically active in 
promoting cell adhesion, chemotaxis, and neurite outgrowth 
and for binding to heparin (Graf et al., 1987a,b; Charonis et 
al., 1988; Sephel et al., 1989; Ken-Ichiro-Tashiro et al., 1989). 
Taken together, these approaches led to the identification of 
at least four different sites on the laminin molecule for binding 
to cells and to heparan sulfate proteoglycan. 

In  the present study, we used proteolytic enzymes to obtain 
laminin fragments and report that normal mouse mammary 
epithelial cells interact with laminin through a single site which 
is located in  a 43-kDa fragment. The laminin 43-kDa frag- 
ment originates from the long arm of the “A” chain and also 
contains a high-affinity heparin binding site. 

Materials 
Reagents were purchased from the following companies: 

Dulbecco’s mofidied Eagle’s medium (DMEM), penicillin- 
streptomycin (5000 units/mL), and fetal bovine serum from 
Grand Island Bilogicals, Grand Island, NY; 1OX MEM 
(Eagle’s) with Earle’s salts and without glucose, methionine, 
and sodium bicarbonate from Hazelton-Duthcland Inc., 
Denver, PA; 4-( 2-hydroxyethyl)-l -piperazineethanesulfonic 
acid (HEPES) from Research Organics Inc., Cleveland, OH; 
phenylmethanesulfonyl fluoride (PMSF), N-ethylmaleimide 
(NEM), ethylenediaminetetraacetic acid (EDTA), iodoacetic 
acid, hirudin, chymotrypsin, L-glutamine, Coomassie blue R, 
Hanks balanced salt solution (HBSS), and bovine serum al- 
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bumin (BSA), RIA grade fraction V, from Sigma Chemical 
Co., St. Louis, MO; antidesmoplankins I and I1 and aprotinin 
from Boehringer Mannheim Biochemicals, Indianapolis, IN; 
prestained high molecular weight protein standards from 
Bethesda Research Laboratories, Gaithersburg, MD; 2- 
mercaptoethanol, acrylamide, bis(acrylamide), N,N,N’,N’- 
tetramethylenediamine (TEMED), ammonium persulfate, and 
protein silver staining and assay kits from Bio-Rad Labora- 
tories, Richmond, CA; 35-mm bacteriological petri dishes, 
Falcon catalog no 1008, from Fisher Scientific, Philadelphia, 
PA; heparin-Sephorose CL 6B, protein A-Sepharose, PD- 10 
Sephadex G 25 disposable columns, and Mono Q ion-exchange 
column from Pharmacia-LKB Bio-technology Inc., Piscataway, 
NJ; 35S trans label from ICN Radio Chemicals, Irvine, CA; 
liquid scintillation fluid, formula 989, from NEN Research 
Products, Boston, MA; autofluor from National Diagnostics, 
Inc., Manville, NJ; human a-thrombin was a gift from Dr. 
John Feton, New York State Department of Health, Albany, 
NY; polyclonal antiserum to mouse laminin was a gift from 
Dr. Lance A. Liotta, National Cancer Institute, Bethesda, 
MD. 

Methods 
Cell Culture. Normal mouse mammary epithelial cells 

frozen at passage 9 were purchased from American Tissue 
Culture Collection Center, Rockville, MD (Owens et al., 
1974a,b). Cells were routinely cultured in DMEM containing 
10% FBS, 4.5 g/L D-glucose, 10 mM glutamine, 15 mM 
HEPES, and 50 units/mL penicillin-streptomycin on tissue 
culture plastic dishes at 37 OC, in an atmosphere of 95% air 
and 5% carbon dioxide. 

Protein Purification. Laminin was isolated from Engel- 
breth Holm Swarm (EHS) tumor by using a procedure de- 
scribed previously (Timpl et al., 1979) and stored frozen (-70 
“C) at a concentration of 1 mg/mL in phosphate-buffered 
saline (PBS). 

Enzyme Digestion. Laminin was digested with human 
a-thrombin or chymotrypsin at a 1:25 enzyme to protein ratio, 
as described previously (Rao et al., 1982a,b). The activity of 
chymotrypsin was stopped by the addition of 0.2 M PMSF 
to a final concentration of 2 mM. Two units of hirudin were 
added to stop the activity of a-thrombin which was used to 
digest 1 mg of laminin. In a sequential digestion experiment, 
1 mg of 600 kDa, three short arm fragment as first purified 
by anion-exchange fast protein liquid chromatography (FPLC) 
was used for digestion by chymotrypsin as described above. 

Heparin-Sepharose Chromatography. Reduction and 
carboxymethylation followed by heparin-Sepharose chroma- 
tography of laminin and laminin digests was performed ac- 
cording to a previously described procedure (Arumugham et 
al., 1988). To obtain a 2 M urea/heparin-bound and unbound 
fractions, the chymotrypsin digest of native laminin was dia- 
lyzed at 4 “C against 10 mM Tris-HC1, pH 7.4,0.15 M NaCI, 
and 2.0 M urea (washing buffer). The sample was loaded on 
a 5 X 0.5 cm heparin-Sepharose column which was pree- 
quilibrated with washing buffer. The unbound material was 
collected in washing buffer, and the material bound to the 
column was eluted with washing buffer containing 1.0 M 
NaCl. The bound and unbound fractions were dialyzed against 
10 mM Tris-HC1, pH 7.4, and 0.15 M NaCl and separately 
assayed for cell attachment activity. The polypeptides con- 
tained in the bound and unbound fractions were analyzed by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

Anion-Exchange FPLC. A Mono Q (HR 5 / 5 )  anion-ex- 
change column attached to the FPLC system was used to 

(SDS-PAGE). 
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fractionate laminin fragments from enzyme digests. One- 
milligram reaction mixtures were diluted to 4.0 mL with 15 
mM Tris-HCI, pH 7.4,0.15 M NaCl, and 2.0 M urea (buffer 
A) and further dialyzed at 4 "C against 1 L of buffer A. The 
contents in the dialysis tubing were cleared by centrifugation 
in a microfuge at  4 "C for 10 min at 12000 rpm. The clear 
supernatant was applied to a Mono Q column which was 
preequilibrated with buffer A. The unbound laminin frag- 
ments were collected in five 1-mL fractions. The elution of 
the bound laminin fragments was achieved with 30 mL of a 
linear concentration gradient in which the NaCl concentration 
of buffer A was raised to 1.15 M. A flow rate of 1.0 mL/min 
was maintained, and 1 .O-mL fractions were collected. Pro- 
tein-containing bound and unbound fractions were stored at 

Quantitation of the 
mammary epithelial cells attached to substratum-bound la- 
minin and laminin fragments was achieved following the re- 
ported procedure of Turner et al. (1987). Plastic petri dishes 
(35 mm, Falcon 1008) were coated with 2.0 mL of 0.05 M 
sodium carbonate buffer, pH 9.6, containing increasing 
amounts of proteins to be assayed for cell attachment activity. 
The coating was terminated after incubating the dishes ov- 
ernight at 37 "C under a humidified atmosphere. The dishes 
were washed with PBS, 3 times and each time with 1 .O mL. 
Just prior to each assay, a total of 2.0 mL of attachment 
medium (HBSS containing 2.38 g /L  HEPES/20 mg/mL 
BSA, pH 7.4, and without sodium bicarbonate) and antibodies 
to be tested were added and left at room temperature for 30 
min. The cells used for the attachment assays were labeled 
with [35S]methionine (0.25 pCi/mL) in growth medium for 
16-20 h. During the labeling period, the cells are at  about 
80% confluency. By this way, the cells are usually labeled to 
a specific activity of 0.25-0.35 cpm/cell. The cells were de- 
tached with 0.1% trypsin solution and washed successively with 
IO-mL volmes of growth medium, attachment medium without 
BSA, and attachment medium. The cells are routinely checked 
for viability by trypan blue exclusion, and usually greater than 
90% are viable. After the last wash, the cell pellet is suspended 
in attachment medium. One hundred microliters of this cell 
suspension containing ( 1  .O-2.0) X lo6 cells was seeded to each 
dish, swirled for 5 s, and incubated at 37 "C for 1 h under 
humidified atmosphere. The unattached cells were removed 
with three 1 .O-mL washes, each wash at 100 rpm for 30 s. The 
attached cells were lysed for 30 min in 1 .O mL per dish of 1% 
Triton X-100 in PBS with constant rotation. The extracts were 
transferred to scintillation vials for counting, and the percent 
attachment is defined as (radioactivity extracted from attached 
cells)/(radioactivity in cells added to assay) X 100. Generally, 
variation between samples in different assays was less than 
5%. The radioactivity attached to blank dishes was less than 
0.2%. In preliminary experiments, we observed a linear re- 
lationship between the cell number and radioactivity (not 
shown). 

To follow the cell spreading, after removal of the unattached 
cells, incubation was continued at 37 "C in HBSS. The 
spreading was monitored by observing the cells during a period 
of 6 h in a phase-contrast microscope set at 25X. Pictures were 
taken with Kodak plus X pan film. Since the cell attachment 
and spreading were studied in 6 h, sterile conditions and so- 
lutions were not used. 

Metabolic Labeling and Immunoprecipitation. The labeling 
of cells with [%]methionine was performed under sterile 
conditions. Mouse mammary epithelial cells ( 1  X lo6 
cells/well) suspended in complete growth medium were al- 

-70 "C. 
Cell Attachment and Spreading. 
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lowed to attach to three tissue culture plastic wells (35 mm, 
Costar) for 90 min. Cells were also attached to laminin 
substrate and active fraction substrate in triplicate Falcon 1008 
dishes at  37 "C for 1 h. After removal of unattached cells, 
attached cells were preincubated for 15 min with methio- 
nine-free MEM containing 0.1 % glucose, 0.06% L-glutamine, 
0.05% sodium bicarbonate, and 15 mM HEPES. Parallel 
experiments conducted with radiolabeled cells indicated that 
an approximately similar number of cells attached in all three 
groups. The cells were labeled with [35S]methionine at a 
concentration of 100 pCi/mL in the medium described above 
for 2 h at 37 OC. The cells were extensively washed with PBS 
and lysed in PBS containing 1% Nonidet P-40 and the protease 
inhibitors PMSF (2 mM), NEM (10 mM), aprotinin (0.5%) 
and EDTA (2 mM). The cell lysates were clarified by cen- 
trifugation at 12000 rpm for 10 min at 4 OC. Portions of 200 
pL of cell lysates (from a total of 1.5 mL) were diluted to 1 .O 
mL with lysis buffer and incubated with appropriate amounts 
of primary antibodies to laminin, type IV collagen, and des- 
moplankins I and 11. After overnight incubation at 4 OC, 2 
pL of secondary antibody is added where necessary and in- 
cubated for 1 h at room temperature. The antigen-antibody 
complexes were adsorbed to 100 pL of a 25% protein A- 
Sepharose suspension following 1 h of mixing at room tem- 
perature. The Sepharose beads were pelleted by centrifugation 
in a microfuge and washed as described previously (Rao et 
al., 1989). The protein A-Sepharose pellets were suspended 
in 100 pL of electrophoresis sample buffer (0.062 M Tris-HC1, 
p.H 6.8, 2% SDS, 24% urea, 10% glycerol, and 0.002% bro- 
mophenol blue) containing 5% 2-mercaptoethanol and boiled 
for 3 min. The proteins in the supernatants were fractionated 
on 7% SDS-PAGE and visualized by fluorography. 

Analytical Procedures. The amount of the protein bound 
to the petri dishes was assayed in the following manner: The 
solution at the end of the incubation was recovered and con- 
centrated, and the protein was assayed with Bradford's reagent 
(Bradford, 1976) in a microassay procedure with BSA as the 
standard. SDS-PAGE in the presence of 0.5 M urea on 5, 
7, or 12% separating gels was carried out according to 
Laemmli ( 1970); 2X electrophoresis sample buffer containing 
5% 2-mercaptoethanol was used to apply the proteins for 
separation on polyacrylamide gels. Silver staining of the 
proteins was achieved by using the reagent kit and the com- 
pany's instruction manual (see Materials). For detection of 
the labeled polypeptides, gels were fixed for 1 h in 10% tri- 
chloroacetic acid/50% methanol, washed for 15 min in distilled 
water, impregnated with Autofluor for 2 h, dried, and exposed 
to Kodak XAR-5 film. 

RESULTS 
Characterization of High-Affinity Heparin Binding Luminin 

"A"-Chain Fragments. Arumugham et al. (1988) have shown 
that the 400-kDa (A) chain but not the 200-kDa (B) chains 
of reduced and alkylated laminin bound to the heparin- 
Sepharose affinity matrix in the presence of 6.0 M urea. In  
the present study, this procedure was used to identify the 
"A"-chain fragments from the chymotrypsin digest of laminin 
(Rao et al., 1982b; Palm et al., 1985). The fragments gen- 
erated from laminin by 4-h chymotrypsin digestion are sub- 
jected to reduction and carboxymethylation and heparin-Se- 
pharose chromatography. The chromatographic profile is 
shown in Figure 1 A. Two peaks were detected: the unbound 
protein representing 75% of the total protein and the bound 
protein containing the remaining 25%. The unbound and 
bound polypeptides were analyzed by SDS-PAGE and silver 
staining. The unbound material contained polypeptides mi- 
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FIGURE I: Heparin-Scphamsc affinity chromatography of reduced and alkylated chymotrypsindigcstcd laminin polypeptides. 1.5 mg of protein 
in 3 mL of 10 mM Tris-HCI, 6.0 M urea, and 5 mM EDTA, pH 7.4, was applied to a 5 X 0.5 cm heparin-Sepharose column equilibrated 
in the buffer at 22 'C. The unbound material was removed with IO mL of starting buffer (fractions 1-10), The column was washed with 
20 mL of 50 mM Tris-HCI, pH 7.4, and 6.0 M urea (fractions 10-30). Bound polypeptides were then eluted in 5.0 mL of 5.0 mM Tris-HCI, 
pH 7.4.6.0 M urea, and I .O M NaCl (fractions 30-35). Fractions of I .O mL were wllected and their relative protein wncentrations determined 
by measuring the absorbance at 280 nm. The chromatographic profile is shown in panel A. SDS-PAGE of heparin-Sepharose-unbound and 
-bound polypeptides on a 7% separating gel is shown in panel 9: lane 1, heparin-unbound fraction; lane 2. heparin-bound fraction. Only 53- 
and 43-kDa fragments bound to the heparin-Sepharose column and appeared in the column-bound fraction. 
grating a t  160, 130, I IO,  90, and 70 kDa (Figure IB, lane I ) .  
The bound material contained two polypeptides, 53 and 43 
kDa (Figure I B, lane 2); very little of these fragments showed 
up in the unbound material. These observations indicate that 
the heparin binding activity of the "A" chain is associated with 
the 53- and 43-kDa polypeptides. 

Cell Attachment and High-Affinity Heparin Binding Ac- 
tivities Are Colocalized. Reduced and carboxymethylated 
laminin was tested to promote the adhesion of mouse mam- 
mary epithelial cells. As shown in Figure 4 (0 ) ,  the cell 
attachment promoting activity of laminin is lost during re- 
duction and carboxymethylation. In the presence study, we 
attempted to separate the 53- and 43-kDa fragments by he- 
parin-Sepharose chromatography in the presence of 2 M urea 
and without reduction and carboxymethylation. Fractionation 
of the chymotrypsin digest of laminin on heparin-Sepharose 
affinity matrix in the presence of 2.0 M urea yielded two 
fractions; 40% of the protein applied eluted in the unbound 
fraction, and the remaining protein (60%) is recovered in the 
bound fraction after elution with 1.0 M NaCl (data not 
shown). The unbound and bound materials were analyzed by 
SDS-PAGE and silver staining as shown in Figure 2, lanes 
1 and 2, respectively. The bound fraction (lane 2) contained 
all the chymotrypsin laminin fragments which include the 
'A"-chain heparin binding 53- and 43-kDa polypeptides and 
the larger molecular weight 70K-160K 'B"-chain fragments. 
In contrast, the unbound material (lane 1) did not contain 53- 
and 43-kDa polypeptides, but the remaining large "B"-chain 
fragments (M, 70K-160K) were present. These fragments 
(70-160 kDa) did not bind to heparin-Sepharose in the 
presence of 6.0 M urea (Figure lB), thus indicating that their 
binding to heparin was of low affinity. The cell attachment 
activity of the total, unbound, and bound laminin fragments 
was measured and is represented in Table 1. The heparin- 

Table I: Mammary Epithelial Cell Attachment Activity of 
Heparin-Sepharose-Bound and Unbound Fraction9 

% of 

substratum W m L )  cells 
concn attached 

laminin 5 34 
hcparinSephamse-bound fraction 5 50 
heparin-scphamse-unbound fraction 5 0.2 
'See Materials and Methods for details of heparin-Scpharosc wl- 

umn chromatography in the presence of 2 M urea and cell attachment 
activity of the column unbound and bound protein fractions. Values 
are the average of triplicate dishes. 

bound material contained all the cell attachment promoting 
activity while in the unbound material this activity was absent. 
These results indicate that the cell attachment promoting 
activity of laminin may be associated with the high-affinity 
heparin binding 53- and 43-kDa fragments. 

Identification and Characterization of Laminin Fragment 
Promoting Mammary Epithelial Cell Attachment and 
Spreading. The laminin fragment promoting the attachment 
activity of normal mouse mammary epithelial cells is partially 
purified by anion-exchange chromatography. Human a- 
thrombin and chymotrypsin laminin digests and chymotrypsin 
digest of the purified reduced 200-kDa three short arm laminin 
fragment (without reduction M, 600K) were separated by 
Mono Q column chromatography. From all the chromato- 
grams, only two peaks were detected; the first peak repre- 
senting the unbound material came off the column with buffer 
A, and a second peak representing the bound material was 
eluted with 0.25 M NaCl in buffer A (data not shown). The 
proteins present in each peak were examined by 7% SDS- 
PAGE and shown in Figure 3. The reduced 200-kDa laminin 
fragment, generated by digestion of laminin with a-thrombin, 
was detected in the bound material (Figure 3A, lane 2) while 
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FIGURE 2 SDS-PAGE of reduced heparin-Sephamse-unbound and 
-bound polypeptides from digests of laminin by chymotrypsin in the 
presence of 2.0 M urea. The proteins were separated on a 7% sep 
arating gel and identified by silver staining. Lane I .  heparin-unbound 
fraction: lane 2, heparin-bound fraction. The arrows designate the 
polypeptides (M. 53K and 43K) specifically eluted in the bound 
fraction, 

-. 
B C A 

-7- 
-2OOK 

-2001: 

-97K p - 9 1 K  
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1 2  

mum 3 SDS-PAGE of anionexchange column unbound and bound 
polypeptides of enzyme laminin digests. Samples were diluted in 2X 
electrophoresis sample buffer wntaining 5% 2-mercaptocthanol and 
separated on a 7% acrylamide gel, and proteins were identified by 
silver staining. Panel A lane I ,  unbound column fraction from 
a-thrombin digest of laminin; lane 2, bound column fraction from 
a-thrombin digest of laminin. Panel 8: lane I ,  unbound column 
fraction from chymotrypsin digest of laminin; lane 2, bound wlumn 
fraction from chrymotrypsin digest of laminin. Panel C lane I .  
unbound column fraction from chymotrypsin digest of reduced 
200-kDa laminin fragment: lane 2, bound wlumn fraction from 
chymotrypsin digest of reduced 200-kDa laminin fragment. 

the unbound material showed no polypeptides detectable on 
7% gels (Figure 3A, lane I). The reduced 200-kDa laminin 
fragment clearly resolved into two bands, one at 200 kDa and 
the other at 1 EO kDa, on 7% acrylamide gels (Figure 3A, lane 

2 

Coating concantration (Wml) 
FIGURE 4 Cell binding activity of laminin fragments. Laminin 
fragments were partially purified hy chromatography on a Mono Q 
wlumn. Plastic pettl dishes were mted with the indicated amounts 
of fragments in unbound (e) and bound ( 0 )  fractions from the 
chymotrypsin digest of laminin; unbound (a) and bound fractions 
(A) from the a-thrombin digest of laminin and the unbound (m) 
fraction from the chymotrypsin digest of reduced 200-kDa laminin 
fragment were incubated with radiolabeled m o w  mammary epithelial 
cells (1.5 X 106 cells) for 60 min. Laminin (6) and reduced and 
alkylated laminin (e) were also included in the experiment. The 
unattached cells were removed, and the attached cells were quantitated 
as described under Methods. The values are the average of triplicate 
samples. 

2). However, throughout the text, this complex has been 
referred to as the reduced 200-kDa laminin fragment. 
Multiple fragments with molecular weights ranging from 70 
to 160K were detected in the bound material obtained by 
digestion of laminin with chymotrypsin (Figure 38, lane 2). 
In the unbound fraction, a major 53-kDa band and a minor 
43-kDa band were. observed (Figure 38, lane 1). Sometimes, 
as was shown in Figure 3B, lane 1, two very minor large 
fragments, 160 and 130 kDa, were also seen. These two large 
fragments primarily were found in the bound material (Figure 
3B, lane 2). The reduced 200-kDa laminin fragment was 
purified in PBS and subjected to chymotrypsin digestion, and 
the digest was processed by anion-exchange column chroma- 
tography. The digestion products from the unbound and bound 
factions were separated by 7% SDS-PAGE and shown in 
Figure 3C, lanes 1 and 2, respectively. The fragments detected 
in the bound material (Figure 3C, lane 2) are nearly identical 
with those observed in the bound material obtained from la- 
minin digested with chymotrypsin (Figure 3B, lane 2). On 
the other hand, only the 53-kDa fragment is present in the 
column-unbound fraction from the chymotrypsin digest of the 
reduced 200-kDa three short arm laminin fragment (Figure 
3C, lane I). Increasing quantities of proteins from each of 
the above six peaks were tested for their ability to promote 
the adhesion of mouse mammary epithelial cells, and the data 
are shown in Figure 4 (unpublished observations from our 
laboratory indicate that 70% of the protein from the bound 
fraction and 62% of the protein from the unbound fractions 
adsorbed onto the plastic dishes). Striking differences were 
observed between the materials from the six peaks in their 
ability to promote mammary epithelial cell adhesion. The 
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nauw 5:  Adhesion and spreading of normal mawe mammary epithelial cells on laminin and on laminin fragments.. Mouse mammary epithelial 
eclls were allowed to attach to plastic-bound laminin (A, 12 pg/mL), the unbound column fraction of the chymotrypsin digest of laminin (B, 
5 fig/mL), the unbound column fraction of the a-thrombin laminin digest (C, 2 rg/mL), the bound column fraction of the a-thrombin of 
digest of laminin (D, 5 rg/mL), the bound column fraction of the Chymotrypsin digest of laminin (E, 5 pgg/mL), and the unbound column 
fraction of the chymotrypsin digest of the reduced 2WkDa laminin fragment digest for 60 min. The unattached cells were mwed as described 
under Methods. The attached cells were incubated at 37 OC in HBSS and photographed at 25X after I h (A-F) and after 6 h (GI ) .  Bar 
represents 100 nm. 

bound materials representing the 600-kDa, three short arm 
fragment, 70-160-kDa fragments from the chymotrypsin 
digest of laminin, or the reduced 200-kDa laminin fragment 
were not active to promote mammary epithelial cell adhesion, 
beyond background levels even at 10 pg/mL concentration 
[Figure 4, (A) and (0). respectively]. The unbound material 
containing the 53-kDa fragment originated from the reduced 
200-kDa three short arm structure was also not active in 

biological assays [Figure 4 (.)I. The cell attachment pro- 
moting activity was found to be associated with laminin 
fragments present in unbound materials obtained from the 
a-thrombin digest of laminin and from chymotrypsiodigested 
laminin [Figure 4, (e) and (0). respectively]. The cells at- 
tached to the two unbound active fractions were followed for 
spreading, and the data are shown in Figure 5.  Mammary 
epithelial cells attached to laminin substrate spread and attain 
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FIGURE 6 12% SDS-PAGE of cell attachment active and inactive 
laminin fragments. Proteins were reduced with 2-mercaptoethanol 
and identified by the silver staining procedure as described under 
Materials and Methods. Prestained molecular mass standards are 
shown lo the right. Lane 1. a-thrombin enzyme (4 pg); lane 2, 
chrymotrypsin enzyme (4 pg); lane 2. chymotrypsin enzyme (4 rg): 
lane 3, laminin (3 pg); lane 4. reduced 200-kDa laminin fragment; 
lane 5,  unbound column fraction from the chymotrypsin digest of 
reduced 2WkDa laminin fragment: lane 6, unbound column fraction 
from the a-thrombin digest of laminin: lane 7, unbound column fraction 
from the chymotrypsin digest of laminin. The top arrow points to 
the 53-kDa polypeptide present in lanes 5 and 7. The bottom arrow 
points to the 43-kDa polypeptide present only lane 7. 

a polygonal shape (Figure 5A.G). similar to the cells grown 
in serum (not shown). Cells attached to active material from 
the chymotrypsin digest of laminin also spread and become 
polygonal, a morphology typical of mammary epithelial cells 
(Figure 5B,H). In contrast, cells attached to the unbound 
fraction from the a-thrombin digest of laminin remained at- 
tached and did not spread (Figure 5CJ). Very few cells 
attached to the reduced 200-kDa laminin fragment, the bound 
column fraction from the chymotrypsin digest of laminin, and 
the unbound column fraction from the chymotrypsin digest 
of the reduced 200-kDa three short arm fragment (Figure 
SD,E,F, respectively). Since the size of the biologically active 
laminin fragments was suspected to be less than 53 kDa 
(Figure 2) and the cell attachment active material from a- 
thrombin-digested laminin was not identified on a 7% acryl- 
amide gel (Figure 3A, lane I) ,  these materials were separated 
on a 12% acrylamide gel and are shown in Figure 6. The 
material promoting attachment and spreading of mammary 
epithelial cells contained the 53-, 43-, IS- ,  and 12-kDa poly- 
peptides Figure 6, lane 7). The 15- and 12-kDa polypeptides 
appeared to be the enzyme chymotrypsin as these two peptides 
comigrated with peptides present in the enzyme (Figure 6, lane 
2). Chymotrypsin (IO rg) when bound to plastic did not 
promote epithelial cell adhesion beyond background levels (not 
shown). The inactive unbound material generated from the 
reduced 200-kDa three short arm fragment (Figure 6, lane 
5 )  contained the 53-kDa peptide and the two peptides be- 
longing to the enzyme chymotrypsin. Thus, the cell attach- 
ment and spreading activities of the unbound material from 
the crymotrypsin digest of laminin could be associated with 
the 43-kDa polypeptide. The unbound material from the 
a-thrombin digest of laminin which promoted cell attachment 
but not spreading contains a major 39-kDa polypeptide (Figure 
6, lane 6). Figure 6, lane 1, shows the a-thrombin enzyme 
used in the present study. The 39-kDa polypeptide present 
in the unbound material (Figure 6, lane 6) comigrated with 
the enzyme a-thrombin (Figure 6, lane I). No other fragments 
were detected in this material. Substratum bound a-thrombin 
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FIGURE 7: Anti-laminin inhibits cell attachment to laminin but not 
to the 43K fragment. Plastic petri dishes were coated with 1 fig of 
laminin (solid bar) or with the unbound column fraction containing 
the 43-kDa polypeptide (hatched bar), as described under Methods. 
Anti-laminin diluted in attachment medium was added to the ap- 
propriate dishes at two different dilutions and incubated for I at 22 
"C. Radiolabeled mouse mammary epithelial cells were then seeded 
and incubated for 1 h a t  37 OC. The unattached cells were removed. 
and the attached cells were counted as described under Methods. 
Control, without antiserum. 

significantly (40% of the cells added), promoted the attach- 
ment of mammary epithelial cells, and did not cause cell 
spreading (data not shown). These observations suggest that 
the cell attachment but not the spreading activity associated 
with the unbound material to the Mono Q column present in 
a-thrombin-digested laminin may be attributed to the presence 
of the a-thrombin enzyme itself. From densitometric scanning, 
the 43-kDa polypeptide represents about 10% of the material 
present in the active fraction, which is sufficient to cause 
attachment and spreading activities equivalent to 10 pg of 
laminin for mouse mammary epithelial cells. We also frac- 
tionated 2 mg of undigested laminin by ion-exchange chro- 
matography. The unbound material to the anion-exchange 
column from intact laminin had little cell attachment activity 
(data not shown). These results suggest that the active 43-kDa 
fragment is not a contaminant in laminin preparations but is 
generated from laminin by digestion with chymotrypsin. 

Polyclonal Antiserum to Laminin Inhibits Attachment of 
Cells to Laminin but Not to  the 43-kDa Fragment. Figure 
1 represents data on the ability of the polyclonal antiserum 
la  laminin to interfere with the adhesion of mammary epithelial 
cells to substratum-bound laminin (solid bar) or the 43-kDa 
fragment (hatched bar). Preimmune serum failed to inhibit 
cell adhesion to both laminin and the fragment (data not 
shown). Immune serum, when diluted to 1:1000, did not 
inhibit cell adhesion to either laminin or the fragment. At 
1:200 dilution, the laminin antiserum blocked the attachment 
of cells to laminin substrate but not to the fragment substrate. 

Synthesis of Laminin, Collagen Type IV, and Desmo- 
plankins I and II by Mouse Mammary Epithelial Cells At- 
tached to Laminin and the 43-kDa Fragment Substrates. We 
compared the metabolic activity and synthesis of selected 
proteins by mammary epithelial cells attached to laminin and 
to the 43-kDa fragment substrates. Cells grown on tissue 
culture dishes in the presence of growth medium during a 2-h 
period served as the control. The experiment was done under 
conditions in which about 80% of the 1 X 106 cells added 
attached to laminin and fragment substrates. The attached 
cells are pulse-labeled with radioactive methionine as described 
under Methods. The total trichloroacetic acid precipitable 
radioactivity present in cell lysates did not significantly differ 
among cells attached to laminin and the 43-kDa fragment and 
to tissue culture plastic in the presence of serum (data not 
shown). The synthesis of laminin, collagen type IV, and 
desmoplankins by mammary epithelial cells attached to la- 
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FIGURE 8: Immunoprecipitation of [%]methioninblakled cell lysates. 
Cell lysates were incubated with normal rabbit serum (panel A), 
anti-laminin (panel B). anti-collagen type IV (panel C). and Mab 
anti-desmoplankins I and I1 (panel D). Immunoprecipitates were 
prepared as described under Methods. The immunoprecipitates were 
dissolved in reducing electrophoresis sample buffer and analyzed by 
7% SDS-PAGE and fluorography. In all the panels: lane I ,  cells 
attached to tissue culture plastic in serum; lane 2, cells attached to 
laminin substratum; lane 3, cells attached to 43-kDa laminin fragment. 

minin and the 43-kDa fragment substrates was analyzed by 
immunoprecipitation as shown in Figure 8. The lysate from 
the cells attached to fragment substrate contained laminin 
(lane 3, panel B), collagen type IV (lane 3, panel C), and 
desmoplankins I and II  (lane 3, panel D) in quantities com- 
parable to lysates from cells attached to laminin substrate (lane 
2 in panels B-D, respectively) and to the cells grown on tissue 
culture dishes in the presence of serum (lane 1 in panels B-D, 
respectively). Preimmune serum failed to precipitate any of 
the proteins examined in this study (panel A). These results 
demonstrate that mouse mammary epithelial cells attached 
to the 43-kDa fragment substrate are metabolically active and 
synthesize laminin. type IV collagen, and desmoplankins a t  
a rate equivalent to the cells attached to laminin substrate. 

DISCUSSION 
In the present study, we report on the identification of two 

high-affinity heparin binding sites located in the “A” chain 
of laminin. One site is present within a 53-kDa fragment 
possibly originating from the short arm of the “A” chain. The 
second site was contained within a 43-kDa fragment which 
is located within the long arm of the ‘A” chain. We also report 
in this study that mouse mammary epithelial cell attachment 
and spreading activities of laminin are associated with the 
43-kDa fragment on a molar basis. Thus, these cells interact 
with substratum-bound laminin through a single site which 
is present in the 43-kDa fragment from the long arm of the 
‘A” chain. Proteolytic enzymes were used to obtain laminin 
fragments, and the latter were tested in a variety of functional 
assays. We chose the enzymes a-thrombin and chymotrypsin 
because the structures of the large fragments generated from 
laminin were characterized before (Rao et al., 1982a,b, 1983; 
Palm et al., 1985). Localization of the high-affinity heparin 
binding sites in the 53- and 43-kDa fragments was based on 
the data obtained by following the procedure of reduction and 
alkylation of laminin described by Arumugham et al. (1988). 
In this procedure, only the “A” chain of laminin binds to 
heparin-Sepharose in the presence of 6 M urea. Since the 
reduced and alkylated 53- and 43-kDa fragments bound to 
heparin-Sepharose in the presence of 8 M urea, we suggest 
that these two fragments originate from the “A” chain of 
laminin. On the other hand, 7C-lKI-kDa fragments originated 
from the ”B” subunits (Rao et al., 1983) bind to heparin- 
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Sepharose in the presence of 2 M but not 6 M urea. These 
data suggest and confirm that multiple heparin binding sites 
exist on the laminin molecule (Skubitz et al., 1988) but with 
different affinities. We provide evidence here that the heparin 
binding sites of the laminin “A“ chain are of higher affinity 
as compared to those present on the ‘B” chains. 

It has been reported that mouse mammary epithelial cells 
interact with laminin in the matrigel and show an increase in 
the synthesis of milk protein @-casein (Li et al., 1987). Thus, 
this cell line is a good candidate to study and characterize the 
cell binding fragment(s) of laminin. The identification of the 
43-kDa fragment as the active cell binding fragment was based 
on two lines of evidences. The 43-kDa fragment is present 
in the 2 M urea-heparin-bound fraction which efficiently 
promoted the attachment of mouse mammary epithelial cells. 
The cell attachment activity and the 43-kDa fragment are 
absent in the 2 M urea-heparin-unbound fraction. The 2 M 
urea-heparin-unbound fraction consists of fragments of 70- 
160-kDa which originate from the “B” subunits (Rao et al., 
1983). The second line of evidence comes from the observa- 
tions that the reduced 2WkDa intact three short arm fragment 
was inactive in promoting the attachment of mouse mammary 
epithelial cells. Digestion of the intact three short arm frag- 
ment with chymotrypsin did not generate the 43-kDa fragment 
but generates the inactive high-affinity heparin binding 53-kDa 
fragment. On the other hand, digestion of laminin with 
chymotrypsin generates the active cell binding 43-kDa frag- 
ment. On the basis of these observations, we proposed that 
the active 43-kDa fragment is present in the long arm of the 
“A” chain. Polyclonal antibodies to laminin did not block the 
adhesion of cells to the 43-kDa laminin fragment but blocked 
cell adhesion to whole laminin. Aumailley et al. (1987) have 
made similar observations when examining the cell adhesion 
to a long arm fragment E8, suggesting that the “adhering of 
cells to this fragment is not inhibited by laminin antiserum. 
Since the “A” chain is poorly antigenic and the 43-kDa 
fragment as shown in this study is also located in the long ann, 
there may not be enough blocking antibodies present in the 
laminin antiserum to inhibit cell adhesion to the fragment. The 
inhibiting effect of polyclonal antibodies on cell adhesion to 
laminin is probably due to steric hindrance. 

Attachment of cells to laminin c a u s a  cell spreading 
(Kleinman et al., 1985). Similarly, mammary epithelial cells 
attached to the 43-kDa fragment substrate spread and showed 
morphology typical of epithelial cells within 6 h after at- 
tachment. These observations allow us to conclude that the 
43-kDa high-affinity heparin binding fragment, originated 
from the long arm of the ‘A” chain, promotes mammary 
epithelial cell adhesion and spreading as efficiently as the intact 
protein. Furthermore, mammary epithelial cells after attaching 
to the 43-kDa fragment responded in a way similar to those 
of cells attached to laminin by synthesizing three important 
epithelial cell proteins, laminin, type IV collagen, and des- 
moplankins I and 11. Thus, the fragment probably conveyed 
signals similar to those conveyed by laminin to induce the 
mammary epithelial cells to spread and to synthesize laminin, 
type IV collagen, and desmoplankins. These three proteins 
have been reported to play a major role in the maintenance 
of proper epithelial cell morphology and growth (Farquhar 
& Palade, 1963; Hay, 1981). 

Goodman et al. (1987) have reported the existence of two 
distinct cell binding domains in laminin which can independ- 
ently promote nonneuronal cell adhesion and spreading. La- 
minin fragment E8 promotes cell adhesion and spreading of 
secondary murine myoblasts while E8 and the three short arm 
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to place this fragment as a part of the active E8 fragment ( M ,  
280K) characterized by others (Aumailley et al., 1987; 
Nurcombe et al., 1989). It has been reported that fragment 
E8 from the long arm consists of domain 1 sequences from 
all three chains and large portions of domain 6 (large globule) 
(Paulsson et al., 1985, 1987). The 43-kDa active fragment, 
just like the E8 fragment, extensively promoted neurite out- 
growth (Rao and Kefalides, submitted for publication). Unlike 
the E8 fragment, the 43-kDa fragment originates from the “A” 
chain only. Recently, a synthetic peptide of 19 amino acids 
from the carboxy-terminal end of the “A” chain and within 
the E8 fragment was reported to promote neurite outgrowth 
in PC 12 cells and attachment and cell migration of B16 
melanoma cells (Sephel et al., 1989; Ken-Ichiro Tashiro et al., 
1989). At present, we do not know if this sequence is present 
within the 43-kDa “A”-chain fragment. In conclusion, we have 
identified and characterized an active fragment of M ,  43K 
from the “A” chain of laminin which contains some of the 
biological activities of the intact molecule. 
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FIGURE 9: Schematic model of laminin and location of cell attachment 
and heparin binding active sites. Diagrammatic representation of the 
laminin molecule is adopted from Bruch et  al. (1989). Cell binding 
sites YIGSR (Graf et al., 1987a,b), C1, P1, and El (Timpl et al., 
1983; Terranova et al., 1984), F-9 (Charonis et al., 1988), E8 (Edgar 
et al., 1984; Aumailley et al., 1987) and PA 22-2 and IKVAV 
(Ken-lchiro Tashiro et al., 1989) were reported previously. The 
53-kDa heparin binding fragment of the short arm of the “A” chain 
and the 43-kDa cell binding, heparin binding fragment of the long 
arm of the “A” chain are from this study. The origin of the 53-kDa 
high-affinity heparin binding fragment is tentatively placed in the 
short arm belonging to the ”A” chain. This was because this fragment 
can be generated from the reduced 200-kDa three short arm fragment. 
Sequencing of the 53-kDa fragment should be helpful to suggest its 
location on the “A” chain. 

fragments (E 1-4) both promote adhesion and spreading of 
Rugli human glioblastoma and HeLa cells. A site within the 
three short arms was reported to promote cell adhesion and 
chemotaxis (Graf et al., 1987a,b) and mediate binding of cells 
to type IV collagen (Rao et al., 1982a,b; Terranova et al., 
1983). Several recent reports indicated the presence of an 
active cell binding site and a neurite outgrowth promoting site 
within the long arm of the “A” chain (Skubitz et al., 1987; 
Dillner et al., 1988; Nurcombe et al., 1989; Sephel et al., 1989; 
Ken-Ichiro Tashiro et al., 1989). The present study clearly 
demonstrates the location of the cell binding site for mouse 
mammary epithelial cells within the long arm of the “A” chain 
(Figure 9). Thus, it can be stated that mouse mammary 
epithelial cells, just like the secondary myoblasts, interact with 
the laminin through a single site present in the long arm. Also, 
recent immunohistochemical studies at the ultrastructural level 
indicate that epitopes present in the end of the long arm are 
exposed to the membrane receptors on adjacent cells 
(Abrahmson et al., 1989; Schittny et ai., 1989). These studies 
also favor the location of the cell binding site on the long arm 
of the “A“ chain. The 43-kDa cell binding laminin fragment 
characterized in this study also contains a high-affinity heparin 
binding site. On the basis of heparin binding activity of the 
43-kDa fragment, and the finding that it is not present within 
the intact three short arm laminin fragment, we would like 
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