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Mouse laminin al, 01, or yl sequence covering truncated regions of the long arm was
transiently expressed in monkey COSl cells. Unlike natural laminins, in which only a0y
trimers are selectively assembled and disulfide-bonded at the long arm, a large fraction of
mouse chains formed disulfide-bonded homopolymers. However, a small fraction of mouse
01 (or yl) formed hybrid $lyl dimers with endogenous monkey yl (or 01). These hybrid
01yl dimers formed al01yl trimer with monkey al. Mouse al also formed disulfide
bonds with monkey 01 yl dimer. Thus, a common mechanism is shared by laminin chains
of different animal origins. Sequences in the E8 region at the C-terminal end of the long arm
were crucial for this chain-selective assembly. When the C-terminal sequence of mouse 01
long arm was extended beyond the a-loop, the hybrid trimer formation was diminished.
This supported the model of altered chain arrangement around the a-loop.
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Laminins constitute a family of basement membrane
glycoproteins which affect tissue morphogenesis by their
effects on proliferation, migration, and differentiation of
various types of cells (1-4). The best studied Engelbreth
Holm Swarm (EHS) tumor isoform (laminin 1) is composed
of al (400 kDa), 01 (220 kDa), and yl (210 kDa) chains,
assembled and disulfide-bonded in a cross-shaped structure
with three short arms and one rod-like long arm (5-7). The
long arm is the site of chain assembly (5-19). It has many
repeats of a heptad motif which form a hydrophobic surface
along the <*-helix with two charged edges at each side (20-
22). Interchain hydrophobic interactions at this surface
drive chain assembly, and ionic interactions at the edges
determine chain selectivity. Since only afty trimers with
same N- to C-terminus orientation are selectively formed,
the intracellular assembly of laminin chains is a highly
controlled process.

Several tissue-specific laminin isoforms composed of a,
0, and y variants have been reported (23-27). They share
a common mechanism of assembly to produce the variety of
chain compositions. For example, replacement of the al of
a al/31yl trimer (laminin 1) by or2 produces muscle
membrane laminin (laminin 2) (28-30) while replacement
of 01 by 02 results in a synaptic laminin (laminin 3) (31).
Similar replacement is suggested in kalinin (laminin 5) and
K-laminin (laminin 6), which have the chain compositions
a303y2 and a301yl, respectively (32, 33). In 3T3-L1
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adipocytes and endothelial cells, we found a laminin iso-
form (axfilyl) in which al in laminin 1 is replaced by a
smaller variant (ax) (34, 35).

By denaturation and renaturation of proteolytic frag-
ments of laminin 1, Engel and coworkers showed that E8
fragments of three chains, which correspond to the C-ter-
minal end of the long arm, mimic normal intracellular
assembly (36, 37). By preparing recombinant or synthetic
peptides comprising of mouse al, 01, and y l partial
sequences, Yamada and coworkers (38-41) showed that
chain selection is controlled by defined sites at the C-termi-
nal end of the long arm. Despite these in vitro data, we
cannot answer the following questions: (1) Are the heptad
motifs in the long arm of each chain sufficient for selective
assembly? (2) What is the role of interchain disulfide-bond
formation at the C- and N-termini of the long arm? (3) Do
in vitro experiments reflect the microenvironment of
intracellular chain assembly?

In this study, we expressed mouse al, 01, or y l se-
quence covering various regions of the long arm in monkey
kidney cells (COSl cells) and detected monkey-mouse
hybrid lnminin with correct chain selection. Despite this
selective assembly, however, most of the overexpressed
recombinant laminin chains preferentially formed di-
sulfide-bonded homopolymers. Since such homopolymers
have not been observed in the natural process, we show
here that the long arm region is not sufficient for the
production of bona fide laminins.

MATERIALS AND METHODS

Plasmid Construction—Figure 1A summarizes the do-
mains of mouse laminin 1 chains expressed in the cells. All
plasmids are based on pEFneoER (42), which has eryth-
ropoietin receptor (ER) cDNA under the control of elonga-
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tion factor (EF)-la promoter (Fig. IB). To utilize signal
sequence of ER for insertion of partial laminin chains into
endoplasmic reticulum, the ER cDNA fragment in pEF-
neoER was replaced by laminin cDNA fragments at the
Smal (or BamBI) and EcoBl (or EcoKV) sites. To create a
c-myc epitope tagging (43) and a termination codon at the
3'-end of laminin cDNA, two oligonucleotides with se-
quences of 5'ATCGAACAAAAGCTTATTTCTGAAGAA-
GACTTGTAGATGCA3' and 5'TCTACAAGTCTTCTTC-
AGAAATAAGCTTTTGTTCGAT3' were annealed and
inserted into the BamHl and Nsil sites of pEFneoER. For
the construction of pEF/?lZ/Nl, a cDNA fragment corre-
sponding to 01 sequence (18) from 1540 to 1765 amino acid
residues was prepared by polymerase chain reaction (PCR)
using pLAM (44) as a template and two primers with
sequence of 5'GCTGGATCCGCTTGCAGCAGAGTGCAG-
CTGA3' and 5'CGCGAATTCGCTAAGCAGGTGCTGTA-
AAACCG3'. The ER cDNA fragment in pEFneoER was
replaced by this fragment at the BamHl and EcoBI sites.
For the construction of pEF/SUN2 and pEF/?UN3 having
01 sequence from 1424 to 1765 and from 1337 to 1765
amino acid residues, respectively, the 5'-ends of Ncol- Clal
and BglU-Clal fragments from pLAM were connected to
BamYU. linkers and these fragments were inserted between
the BamHl and Clal sites of pEFySUNl. For the construc-
tion of pEF/?lzJN4, a cDNA fragment corresponding to 01
sequence from 1157 to 1765 amino acid residues was
prepared by PCR using pLAM and two primers with
sequence of 5'GCTGGATCCCACCCTGCCACCAGTGCT-
TTGC3' and 5'CGCGAATTCGCTAAGCAGGTGCTGTA-
AACCG3', and the ER cDNA fragment in pEFneoER was
replaced by this fragment at the BamHl and EcoBI sites. To
construct pEF/?l JN5 containing 01 sequence from 953 to
1765 amino acid residues, the Hindi-Clal fragment of
pLAM was inserted between the Smal and Clal sites of
pEFySUNl. A pEF/51/JNCl encoding £1 sequence from
953 to 1699 amino acid residues was constructed by
digestion and self-ligation of pEFy91JN5. To construct
pEFylzJNl, a cDNA fragment corresponding to yl se-
quence (17) from 1329 to 1575 amino acid residues was
prepared by reverse transcription (RT)-PCR using total
RNA extracted from visceral endoderm-like F9 cells (45)
as a template and two primers with sequence of 5'GCGGG-
ATCCCCAATGACATTCTCAACAAC3' and 5'GCAGAT-
ATCGGGCTTCTCGATAGACGGGG3', and the ER cDNA
fragment in pEFneoER was replaced by this fragment at
the BamHl and £coRV sites. pEFylz/N2 having the
sequence from 996-1575 amino acid residues was con-
structed similarly, but two primers with sequence of 5'
GCAGGATCCAGGAGTGTCCGGCTTGTTAC3' and 5'
GCAGATATCGGGCTTCTCGATAGACGGGG3' were
used for RT-PCR. To construct pEFa 1/JNCl containing a 1
sequence (19) from 1323 to 1777 amino acid residues, the
5'-end of the Ncol-EcoBI fragment from pl284 (provided
by Dr. Y. Yamada) was connected to BamHl linker, and the
ER cDNA fragment in pEFneoER was replaced by this
fragment at the BamHl and EcoBI sites. For the construc-
tion of pEFal/JNC2 containing al sequence from 1323 to
2175 amino acid residues, the Sphl fragment from 5158 to
5696 nucleotide (nt) of a I cDNA sequence was prepared by
RT-PCR using two oligonucleotides of 5'GCGCGTAAAGA-
TTTCCAGCC3' and 5'GTCTCTGTCCAAAGCTCCTG3'
as primers and ligated to the Sphl site in pEFa U N C l . The

Sphl-EcoBl fragment from pl238 (provided by Dr. Y.
Yamada) encoding from 5696 to 6641 nt of a l cDNA was
further inserted between the Sphl-EcoBl sites of this
plasmid.

Cell Culture and Transfection—COSl cells were main-
tained with Dulbecco's modified Eagle's medium (DMEM;
Nissui Pharmaceutical) containing 10% fetal calf serum
(FCS, Gibco Laboratories), 50 units/ml penicillin, 50 mg/
ml streptomycin at 37*C under a humidified atmosphere of
5% CO2. One day before transfection, the cells were plated
to 60-mm dishes (Becton Dickinson) at a density of 3 X105

cells/dish. Transfection was performed by calcium phos-
phate coprecipitation (46) using 20 ^g/dish plasmids.
After 4 h, DNA precipitate was washed off from the
cultures and the cells were fed with DMEM containing 10%
FCS. The cells were then re-plated to 35-mm dishes one
day after transfection, and labeled the next day.

Cell Labeling and Immunoprecipitation—The transfect-
ed COS1 cells were labeled with 600 fi\ of methionine-free
Eagle's minimal essential medium (Sigma) containing 0.1
mCi/ml Tran35S-label (ICN Radiochemical) for 4 h at 37°C.
After removing the medium, the cells were lysed by adding
1,000 /A of a buffer containing 10 mM Tris-HCl (pH 7.4), 1
mM NaCl, 5 mM EDTA, 0.1% (w/v) sodium deoxycholate,
0.1% (w/v) SDS, and 1 mM phenylmethylsulfonyl fluoride
(PMSF). Aliquots of cell lysate corresponding to 1.5 X107

cpm of incorporated radioactivity into cellular proteins
were diluted to 500 //I with the same buffer, and laminin
chains were immunoprecipitated overnight at 4*C by
mixing 1 /xl of antiserum against mouse EHS laminin (34,
35). This antiserum immunoprecipitates al01yl trimers
of various origins and gives stronger signals of 01 and yl
relative to al in the immunoblotting of mouse laminin-1.
For the immunoprecipitation of recombinant laminin
chains tagged with c-myc epitopes, the cells were lysed with
a buffer containing 10 mM Tris-HCl (pH7.4), 150 mM
NaCl, 5 mM EDTA, 1% (v/v) NP-40, and 1 mM PMSF, cell
lysate was diluted as above, and immunoprecipitated by
mixing 5 ^1 of monoclonal antibody to c-myc (Cat # OP10
from Oncogene Science). Other details of the immuno-
precipitation procedures were as described (34, 35).

SDS Gel Electrophoresis—One- and two-dimensional
SDS gel electrophoreses under reducing and non-reducing
conditions were carried out as described (34, 35), except
that 3-10% (w/v) acrylamide was used for one-dimensional
electrophoresis under reducing and non-reducing condi-
tions. In two-dimensional electrophoresis, 4% (w/v) gel for
the first dimension under non-reducing conditions, and 3-
10% gel was used for the second dimension under reducing
conditions. After fixation with a solution containing 10% (v/
v) trichloroacetic acid, 30% (v/v) methanol, and 10% (v/v)
acetic acid for 30 min, the gel was dried and analyzed with
a Fuji Film BAS 2000 Image Analyzer.

RESULTS

Plasmids Encoding the Long Arm Domains of Mouse
Laminin al, 01, and yi—Figure 1A summarizes the
plasmids constructed in this study to express various long
arm sequences of mouse al, 01, and yl in COSl cells. To
determine the critical region of 01 long arm for the
assembly, we prepared the pEF/31z/N series covering 01
sequence extended from the C-terminal E8 region to the
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N-terminal end of the short arm. Since in vitro experi-
ments showed the importance of the C-terminal end,
pEF^l/JNCl was prepared in which the E8 region was
truncated. pEFyUNl and pEFyl^7N2 cover the C-termi-
nal end and the whole of mouse yl long arm, respectively,
while pEFtflz/NCl and pEFal/JNC2 cover the N-termi-

nus and the whole of mouse al long arm, respectively.
Mouse laminin has many cysteine residues for intrachain
disulfide-bonding in the short arm region of al, pi, and yl,
in domain G of al and in the a-loop of pi, but they are
depleted in the long arm region {17-19). Through the
limited number of cysteine residues in the long arm, 01 and
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Fig. 1. Plasmids encoding long
arm regions of mouse al, ffl, and
7I chain. A: Simplified mouse lami-
nin structure, its major domains, and
cysteine residues for interchain disul-
fide-bonding (S) are shown at left top of
the panel. The long arm sequences
encoded by each plasmid are shown by
thick lines, and other parts by dotted
lines. Under the name of each plasmid,
encoded sequences are briefly explain-
ed together with calculated molecular
tnag« of the products. B: Map of pEF-
neoER and the strategy of plasmid
construction are shown.
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yl are disulfide-bonded at the N- and C-termini, while al
is disulfide-bonded to /31 and yl only at the N-terminus of
the long arm. Since the process of chain assembly is
followed by non-reducing and reducing SDS gel electro-
phoresis in this study, all constructs are designed to contain
at least one cysteine residue for this interchain disulfide -
bonding.

Expression of Mouse Laminin al, /31, and yl in COS1
Cells—To detect the transient expression of mouse a 1, ft 1,
and y l chains in COSl cells, the cells were labeled with
[35S]methionine/cysteine, and the cell lysate was immuno-
precipitated with anti-myc monoclonal antibody two days
after transfection with various plasmids. Endogenous
monkey lnminin chains were also immunoprecipitated with
anti-EHS tumor laminin antibody from mock-transfected
COSl cells. As summarized in Fig. 2, SDS gel electrophor-
esis of immunoprecipitates under reducing conditions
detected ectopic laminin chains whose migration was
consistent with their calculated molecular mass (Fig. 1A).
Despite many weak bands due to nonspecific precipitation
of endogenous proteins, the identity of ectopic laminin
chains was established by comparing their precipitates with

anti-LM anti-myc

the parallel immunoprecipitates from mock transfected
COSl cells with anti-myc monoclonal antibody (lane under
anti-myc/None). Comparable density of the ectopic lami-
nin bands confirms that the efficiency of transfection was
normalized. However, no specific product was detected
from cells transfected with pEFalzJNCl and pEF*l-
ZJNC2. Since anti-EHS tumor laminin antibody precipitat-
ed the expected products (see Figs. 3 and 4B), it appeared
that the myc epitope at the C- terminus of the recombinant
mouse a 1 chain was not accessible to the antibody or had
been clipped by endogenous protease (s). As indicated by
open and filled arrowheads in Fig. 2, doublet bands were
detected in most transfectants. Since a single band with
faster migration was observed instead of the doublet bands
in the presence of tunicamycin (not shown), we concluded
that the doublet bands were due to different degrees of
iV-glycosylation. As described below, most of the recom-
binant products have the ability to form disulfide-bonded
dimers or trimers with endogenous monkey laminin chains.
Because of this interaction, the endogenous monkey lami-
nin chains were co-immunoprecipitated with anti-myc
antibody as indicated by arrows for yl and /?1 in the
pEF/SlzJN5 and pEFylzJNl lanes, respectively.

Assembly of Monkey-Mouse Hybrid Laminins and
Homopolymer Formation of Mouse Laminin al, ftl, and
yl—The assembly of ectopic mouse laminin chains with
endogenous monkey laminin chains was analyzed by im-

ant i -LM

al(400kDa

Pl(22OkDa

Yl(21()lcDa

Fig. 2. Reducing SDS gel electrophoresis of immunoprecipi-
tates with anti-myc antibody from COSl cells expressing mouse
laminin chains. COSl cells transfected with indicated plasmids
("pEF" is omitted) were labeled with ["S] methionine/cysteine, cell
lysate was immunoprecipitated with anti-myc antibody and precipi-
tates were separated by SDS gel electrophoresis under reducing
conditions. Mock-transfected cells were also labeled and immunopre-
cipitated with anti-myc (lane under anti-myc/None) or with anti-
EHS tumor laminin (lane under anti-LM/None) antibody. Arrows
indicate the migration positions of endogenous monkey al, fil, and
yl chains. Filled and open arrowheads indicate the migration posi-
tions of ectopically expressed mouse laminin chains. In this electro-
phoresis, lysate from pEFyl^N2-transfected cells is not analyzed,
but separate electrophoresis showed comparable results to pEFyl-
,/JNl-transfected cells in terms of the migration distance consistent
with calculated molecular mass, the doublet bands and the density of
specific bands.

/ /

, , 1 i ' , 1 - • • " -
OkD«)

- - - • • -

h

- a l l -WOkl^

11(220 kDa)

;1 (210 kDa)

Fig. 3. Non-reducing SDS gel electrophoresis of immunopre-
cipitates with anti-EHS tumor laminin antibody from COSl
cells expressing mouse laminin chains. COSl cells transfected
with the indicated plasmids were labeled with ["S]methionine/
cysteine, cell lysate was immunoprecipitated with anti-EHS tumor
laminin antibody and precipitates were separated by SDS electro-
phoresis under non-reducing conditions. Mock-transfected cells were
also labeled and immunoprecipitated with the same antibody (None).
Arrowheads indicate the migration positions of monkey-mouse
hybrids. M, D, Tri, and Tet indicate the migration positions of the
monomer, homodimer, homotrimer, and homotetramer of mouse
chains, respectively. The migration distance of the indicated homo-
polymers was consistent with calculated molecular mass. Other
details were the same as in Fig. 2.
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munoprecipitation of metabolically labeled COS1 cells with
anti-EHS tumor laminin antibody followed by SDS gel
electrophoresis of the immunoprecipitates under non-re-
ducing conditions where the interchain disulfide-bondings
are preserved (Fig. 3). The chain composition of the
complex was confirmed by two dimensional SDS gel elec-
trophoresis, as summarized in Fig. 4, in which non-reducing
electrophoresis in the first dimension (left to right) is
followed by reducing electrophoresis in the second dimen-
sion (top to bottom). In this electrophoresis, monomeric
proteins come to the diagonal while proteins disulfide -
bonded to each other migrate below the diagonal, and form
a vertical line for each disulfide-bonded complex. Since 4%
and 3-10% acrylamide gels were used for the first and the
second dimension, respectively, monomeric proteins smal-
ler than 150 kDa were not separated in the first dimension
and came to the vertical line in the lower right quadrant of
the gel.

Endogenous monkey laminin chains: The lane None in
Fig. 3, to which the cell lysate from mock-transfected COSl
cells was aDDlied. shows two laminin trimers in addition to

/J lyl dimer, monomeric al, 01, and yl . Two-dimensional
electrophoresis in Fig. 4 confirms that one trimer was
composed of a l , 01, and y l chains, while the other had a
smaller a variant chain (tentatively referred to as ax)
instead of the al chain. Since 01yl was the only dimer of
monkey laminin chains observed in Fig. 3 and Fig. 4, we can
conclude that 01 and y l were first disulfide-bonded to form
a 01yl dimer, then al or ax joined it to form al01yl or
ax01yl trimer. Such chain composition and the assembly
process of monkey lnminin chains in COSl cells are strik-
ingly similar to those we reported for the laminin isoforms
in endothelial cells (34). Given this information on endo-
genous laminin expression, we studied the behavior of
recombinant mouse laminin chains by focusing on the bands
which appeared specifically in transfectants.

Assembly of mouse laminin yl with monkey laminin 01:
In Fig. 3, lanes pEFy l JNl and pEFyl/JN2 show a trans-
fection- dependent band (indicated by arrowhead) which
migrated between endogenous /31/yl monomer and the
01yl dimer. When the immunoprecipitates from pEFyl-
zJN2-transfected cells were separated by two-dimensional

(A) (B)
Y1AN2

-J
•*-al(400kl>.)

OOOkOi)

jAy1(67kD.)

<«0UHl (287U*) (201 U)«)(1MI|D«>
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P1AN2

alANC2

1
ttipiyl Auipiyl ply!
(KWkUa) <«0Uh)

Aulj Aal-> Aal,
(«W U5.) (206 kDa) II05 Id).)

(D)
(51AN5

- « 1(400 U»|

^ ft I (220 ID.)

ulfily'l plT! Aplyl
(x»kn.r~axpifl («>«>•) M t b

Fig. 4. Two-dimensional electrophoresis of immunoprecipi-
tates with anti-EHS tumor laminin antibody from COSl cells
expressing mouse laminin chains. COSl cells transfected with
indicated plasmids were labeled with ["S]methionine/cysteine, cell
lysate was immunoprecipitated with anti-EHS tumor laminin anti-
body and precipitates were separated by SDS electrophoresis under
non-reducing conditions in the first dimension (from left to right)

Apb Api,
(91 kl)«)

followed by reducing conditions in the second dimension (from top to
bottom). Migration positions of disulfide-bonded complexes in the first
dimension and monomers in the second dimension are indicated at the
bottom and right margins of each panel, respectively, dal, dfll, and
Ay 1 indicate truncated mouse laminin chains. Vertical lines are drawn
to connects spots which co-migrated in the first dimension due to
disulfide-bonding to each other.
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SDS gel electrophoresis (Fig. 4A), the band was separated
into two spots aligned on the vertical line indicated as
filAyl at the bottom. Since the migration distance in the
second dimension confirmed that these spots are the
monkey y91 chain and the mouse recombinant y l chains, we
conclude that the long arm of mouse yl can selectively
interact with monkey /SI to form disulfide-bonded hybrid
/Slz/yl dimer. The plAyl band produced by pEFylZ/Nl
(Fig. 3) gave essentially the same pattern of two-dimen-
sional electrophoresis (not shown). Thus, the C-terminal
half of domain I (Fig. 1A) is sufficient to allow mouse yl
chain to assemble with monkey /SI chain. Despite the
formation of the hybrid ftlAyl dimer, further assembly of
monkey al chain to form the disulfide-bonded al/31Ayl
trimer was not detected even for the construct covering the
entire long arm (pEFyl/JN2). This suggests that the
homology between monkey and mouse y l sequences is too
low to support this interactions or that the short arm of y l
is needed for the a/3y trimer assembly.

In addition to /Sl//y dimer and monomeric Ay (M),
formation of disulfide-bonded homodimer of Ay (indicated
with "D" in the pEFylzJNl and pEFyl/JN2 lanes in Fig. 3)
was observed. Two-dimensional electrophoresis of a larger
amount of radioactive immunoprecipitates from pEFyl-
ZJN2-transfected cells (Fig. 4A) showed the formation of
homotrimer as well. Less glycosylated products of pEFyl-
ZJN2 tended to form even more complicated disulfide-
bonded complexes aligned in a horizontal line (Fig. 4A).
Since the endogenous laminin chains in the same sample did
not show such homopolymer formation, we can exclude the
possibility that the homopolymers of ectopic mouse laminin
chains are artifacts due to oxidation during immunoprecipi-
tation after lysis of the cells. Overexpression of single type
of laminin chain or expression of sequences missing the
short arm may be the reason for this uncontrolled assem-
bly. SDS electrophoresis of the radiolabeled media showed
that such inappropriate laminin complexes were secreted
(not shown), probably through the default pathway.

Homopolymer formation of mouse laminin al: The long
arm of mouse al chain was found to be less active in
complex formation with monkey /SI and y l chains. Most of
the pEFo-UNCl products, in which the C-terminal end of
the long arm was truncated, remained as monomers (the
pEFfflJNCl lane in Fig. 3). When the entire long arm was
expressed by pEFal^NC2, most of the product formed
homopolymers, and a very small amount was recruited for
Aalfilyl hybrid formation (the pEFal/JNC2 lane in Fig.
3 and Fig. 4B). Augmentation of the reactivity of a chain by
the addition of the C-terminal end of the long arm is
consistent with the in vitro experiment by Utani et al. {38,
39), but our in vivo experiment shows that the self-associa-
tion is also augmented. This suggests that the domain G
next to the C-terminal end of the long arm might be
important for prevention of self-association of the al
chain. Probably because the domain G was truncated, the
products of pEFa l JNCl and pEFalz!NC2 tended to be
clipped at the C-termini into many smaller bands (the
pEF<r 1JNC1 and pEFa 1/JNC2 lanes in Fig. 3).

Functional long arm domains of mouse laminin fil: To
identify the functional domains of the mouse /SI long arm
for chain assembly, we transfected COSl cells with
pEF/Sl/JN plasmids, which encode different lengths of the
C-terminus of the mouse /SI long arm (Fig. 1A). As

indicated by arrowheads in the pEF/Sl/JNl lane in Fig. 3,
the mouse /S1E8 fragment formed disulfide-bonded Afil y l
dimer and a l/J/31 y 1 trimer. This ability was augmented in
the product of pEF/31Z/N2, in which the sequence extended
to the a-loop. Two-dimensional electrophoresis of im-
munoprecipitates from the pEF/5UN2-transfected cells in
Fig. 4C suggested that two forms of mouse Afil chain at
different stages of glycosylation selectively interacted with
monkey y l chain for the formation of Afilyl dimer, but
the amount of mouse Afi\ chain recruited for alAfilyl
trimer formation was too small to be detected. When the
mouse /?1 sequence was extended beyond the a -loop, on the
other hand, the alAftlyl trimer formation was lost and
the Afilyl dimer was gradually diminished (the pEF/Sl-
JN3, pEF/Slz/N4, and pEF/?lzJN4 lanes in Fig. 3). This
apparently conflicting result suggests a crucial role of the
a--loop for chain assembly. When the E8 region was
truncated from the mouse /SI long arm sequence (the
pEF/31/JNCl lane in Fig. 3), complex formation was
completely lost and the product remained as the monomer.
Recombinant mouse /31 chains also formed homopolymers,
as did y l and al chains. Two-dimensional electrophoresis
of immunoprecipitates from pEF/?lzJN5 transfected cells
(Fig. 4D) showed the formation of disulfide-bonded homo-
polymers. The less glycosylated form tended to form an
even more complicated complex aligned in a horizontal line.

DISCUSSION

To explore the possibility of manipulating the in vivo
process of lnminin chain assembly, we expressed truncated
long arm regions of mouse al, /SI, or y l chain in monkey
COSl cells. Since a transient expression system was
employed for this purpose, there is no doubt but that the
population of COSl cells expressing recombinant products
was limited. This implies that a significant part of monkey
laminin chains had no chance to interact with their mouse
counterparts. Nevertheless, we were able to detect chain -
selective disulfide-bonding of correct pairs such as mouse
/SI and monkey y l chains, mouse y l and monkey pi
chains, mouse al chain, and monkey /Slyl dimer, and
mouse /?l-monkey y l dimer and monkey al chain. No
pairing between a Is, /Sis, and yls of different origins was
detected. Mouse chains assembled with monkey chains in
the right order, with the /Sy dimer being formed first and
the a chain attaching next to form the afiy trimer {34, 35,
4 7). Neither a 1 chain interacts directly with ft 1 s or y 1 s of
either origin. Thus, our results open the door to producing
hybrid laminins composed of a, /S, and y chains from
different animal origins.

Five a variants, three /S variants and two y variants have
been cloned from mouse and human {23-27). Their long
arm sequences are varied but all have a well-aligned heptad
motif with hydrophobic residues at the first and fourth
positions and charged residues at the fifth and seventh
positions. This motif creates a hydrophobic surface along
the a-helix with two charged edges at each side. Interchain
hydrophobic interactions at this surface drive the chain
assembly and ionic interactions at the edges determine the
chain selectivity {20-22). These facts suggest that laminin
chains share a common mechanism of assembly to produce
chains of various compositions. Although theoretically
there are 30 possible combinations of laminin aB {al, a2,
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aZ, a4, and a5), 0B (01, 02, and 03) and ys (yl and y2)
to form a0y triraers, only 8 combinations (laminin 1
through laminin 8) have been found in nature (48). This
implies that the types of laminin chains expressed in
differentiated tissue cells are limited and laminin chains
cannot interact in all possible combinations. Our results of
hybrid laminin formation showed the future direction for
producing novel laminin isoforms with undiscovered chain
compositions.

Despite the chain-selective hybrid formation, a large
fraction of ectopic laminin chains were disulfide-bonded to
form homopolymers. Since such homopolymers have not
been found among natural laminins, the process observed in
COS1 cells was obviously out of control. This could be due
to the overexpression of a single type of laminin chain in a
limited sub-population of COSl cells. However, compared
with the high level of laminin synthesized in embryonal
carcinoma F9 cells (45), for example, the expression in
COSl cells could not be considered excessive. If we assume
that a supporting machinery such as molecular chaperones,
supports the laminin chain assembly, however, relative
overexpression of a single type of recombinant chain in
excess of the "capacity" of poor laminin-producing cells like
COSl could lead to uncontrolled chain assembly.

The homodimer formation, at the same time, revealed
that disulfide- bonding between laminin chains is a rapid
reaction which fixes even unfavorable pairs before the
constituent chains can dissociate for another round of
association. This implies that protein disulfide isomerase
present in endoplasmic reticulum produces a environment
different from that in the in vitro systems in which the
domains and amino acid sequence for the laminin chain
assembly have been analyzed (36-41). Our in vivo results
showed that the control of rapid disulfide-bonding will be an
important issue to be overcome in the future design of
"artificial laminins."

Truncation of the long arm sequences has confirmed the
crucial role of the E8 region in the in vivo laminin chain
assembly. This region of mouse 01 and yl chains was able
to form hybrids with monkey y l and 01. Moreover,
deletion of this domain from mouse al and 01 chains
diminished the hybrid formation. These results are consist-
ent with the in vitro observations made by Engel and
coworkers using proteolytic fragments (36, 37) and by
Yamada and coworkers using recombinant of synthetic
peptides (38-41). A surprising result of the in vivo experi-
ments was that deletion of the E8 region diminishes
homopolymer formation as well.

Another interesting observation made only the in in vivo
system was that the ability of 01 to form a hybrid trimer is
lost when its sequence was extended beyond the a--loop.
The a--loop is a domain found only in laminin 0s (see Fig.
1A), where the repeats of the heptad motif are interrupted
and the sequence is looped out by intrachain disulfide-
bondings. Electron microscopic observation of laminin 1
shows a bending of the long arm at this position (5-7). By
scoring the interchain ionic interactions among laminin
chains through their heptad motifs in the long arm, Beck et
at suggested that an anti-clockwise chain arrangement of
al-01-yl when viewed from the N-terminus is most
probable based on the reported C-terminal sequences up to
the <a--loop. However, the probability of the N-terminal half
was increased when this chain order was altered around the

a -loop (20). Our result of diminished hybrid trimer forma-
tion in the pEFj91JN3 and pEF£lzJN4 transfectants also
predicts this altered chain arrangement around the a -loop.
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