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ABSTRACT A mammalian recombinant strategy was es-
tablished to dissect rules of basement membrane laminin
assembly and secretion. The «-, B-, and y-chain subunits of
laminin-1 were expressed in all combinations, transiently
and/or stably, in a near-null background. In the absence of its
normal partners, the o chain was secreted as intact protein
and protein that had been cleaved in the coiled-coil domain.
In contrast, the B and y chains, expressed separately or
together, remained intracellular with formation of B or v,
but not yvy, disulfide-linked dimers. Secretion of the 8 and y
chains required simultaneous expression of all three chains
and their assembly into a3y heterotrimers. Epitope-tagged
recombinant « subunit and recombinant laminin were affin-
ity-purified from the conditioned medium of ay and affy
clones. Rotary-shadow electron microscopy revealed that the
free e subunit is a linear structure containing N-terminal and
included globules with a foreshortened long arm, while the
trimeric species has the typical four-arm morphology of native
laminin. We conclude that the « chain can be delivered to the
extracellular environment as a single subunit, whereas the 3
and vy chains cannot, and that the « chain drives the secretion
of the trimeric molecule. Such an a-chain-dependent mech-
anism could allow for the regulation of laminin export into a
nascent basement membrane, and might serve an important
role in controlling basement membrane formation.

Basement membranes are cell-associated heteropolymers that
are essential for tissue development and maintenance. The
functions of these extracellular matrices are both architectural
and informational, with basement membranes acting as sub-
stratum, filter, and solid-phase agonist (1-3). Major compo-
nents of these matrices are the different members of the
laminin glycoprotein family, each a heterotrimer assembled
from a-, B-, and y-chain subunits joined through a long arm
coiled-coil domain (4), each with shared and unique functions,
and each with its own spatial and temporal expression pattern.

An understanding of subunit chain assembly and secretion
is important for an understanding of the regulation of isoform
induction and chain switching during development and repair.
While there is information on the physical chemical interac-
tions that contribute to coiled-coil formation (5-10) in vitro,
little is known about the rules of chain assembly and secretion
in vivo. In this study, we developed and applied a strategy to
dissect laminin assembly and secretion that allowed us to
selectively express all three subunits in a near-null background.
We studied laminin 1 (a1B1vy1), the most extensively charac-
terized isoform, whose activities are dependent on correct
post-translational modifications, subunit association, and do-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/9410189-6$2.00/0
PNAS is available online at http://www.pnas.org.

10189

main folding (5, 11-14). We report the surprising finding that
the a-chain subunit can be secreted without its subunit part-
ners. In contrast to previous models, we find that two-chain
laminins cannot be secreted even though, in certain combina-
tions, they can assemble. We also find that a-chain expression
and assembly are essential for secretion of the other subunits.
We therefore propose that the a chain drives the secretion of
its B- and y-chain partners, a mechanism that might be used to
regulate basement membrane formation.

MATERIALS AND METHODS

DNA Constructions and Analysis. (i) A 5.7-kb DNA frag-
ment containing the full-length mouse laminin 81 cDNA (15)
was isolated from a pUC19-B1 plasmid, and Xkol linkers were
added to both ends. The fragment was then inserted into the
pCIS vector at the Xhol site. A 7.6-kb DNA fragment con-
taining the full-length mouse laminin y1 cDNA (16) in pUC-19
was excised with Kpnl, blunted, and ligated into a baculovirus
expression vector pVL1393 that had been previously digested
with EcoRI and blunted (pVL1393-B2). A fragment bearing
the complete ORF was then isolated from pVL1393-B2 fol-
lowing digestion with Sall and inserted into the mammalian
pCIS vector after linearization with Xhol. pCIS containing a
full-length mouse laminin «-chain cDNA (17) was prepared as
described (13). To facilitate recombinant protein purification,
the a-chain ¢cDNA was modified to contain a nucleotide
sequence encoding the FLAG epitope, an octapeptide with the
amino acid sequence DYKDDDDK. Laminin « ¢cDNA with
the FLAG sequence at the C terminus was prepared from
al-pCIS by replacing a DNA fragment starting from the last
Xmal site in the coding region of the a1 cDNA to its end, with
a synthetic double-stranded DNA fragment containing the 3’
end of the alcDNA and FLAG sequence immediately pre-
ceding the natural stop codon (5'-CCGGGCCTGAGCCT-
GACTACAAGGACGACGATGACAAGTAATTAAT-3").
A construct of a full-length mouse laminin « cDNA with the
FLAG sequence at the N terminus was also prepared by using
a plasmid vector derived from pRc/CMV (InVitrogen) con-
taining a BM40 (SPARC) signal peptide and FLAG sequences
(Billy Hudson, Kansas University Medical Center, Kansas
City). (ii) Total RNA isolation and reverse transcriptase
(RT)-PCR were performed according to standard procedures
(18).

Transfection and Cloning of Human Cells. (i) Transfection
of human embryonic kidney 293 cells (adenovirus trans-
formed, ATCC CRL 1573), maintained in Dulbecco’s modi-

Abbreviation: RT, reverse transcriptase.
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fied Eagle’s medium supplemented with 10% fetal calf serum,
was carried out by calcium phosphate precipitation as previ-
ously described (13). Some studies were conducted after
transient transfection with one, or simultaneously with two or
three, laminin cDNAs. Secreted protein, screened with anti-E8
antibody, was precipitated from serum-free conditioned me-
dium, and intracellular soluble protein was obtained from cell
lysates prepared by freeze—thawing of cells. (if) To obtain
clones of cells stably expressing a laminin chain, cells were
cotransfected with laminin cDNA and an antibiotic-resistance
vector (puromycin, pSV-2pac; G418, pSV-2neo; hygromycin,
JD214). To obtain cells stably expressing two or three laminin
chains, cells were either cotransfected with two laminin cD-
NAs under a single antibiotic selection, or sequentially trans-
fected with one chain cDNA under a single antibiotic selection,
cloned, and then transfected with the other cDNA under a
different antibiotic selection. The following cytotoxic levels
were determined for 293 cells and were maintained in culture
medium of transfected cells, starting 2-3 days after transfec-
tion: 1 ug/ml puromycin, 500 ng/ml G418, and/or 100 ug/ml
hygromycin.

Protein Purification, Antibodies, SDS /PAGE, Protein Im-
munoblotting, and Electron Microscopy. (/) Laminin-1 (EHS)
was purified as described (12). FLAG-tagged recombinant
protein was purified by monoclonal anti-FLAG M2 affinity
chromatography (Eastman Kodak Scientific Imaging Systems,
New Haven, CT) and elution with FLAG peptide, as described
in the manufacturer’s instructions. (i) Polyclonal antibodies
specific for laminin fragment ES8 (distal long arm and proximal
G domain) and laminin fragment E4 (1-chain domains VI-V)
were generated by immunizing rabbits with the respective
fragments, followed by affinity purification on a Sepharose
CL-4B column coupled to the immunizing protein. Fragment-
specific antibodies were then cross-absorbed against E3 (distal
moiety of the C-terminal G domain and E1’ (short arm
fragment with « and vy short arms), respectively. E8-specific
antibody reacted with the C-terminal moieties of all three
chains in Western blots. Anti-E8 specific for the By chains
(anti-E8-By) was prepared by affinity chromatography on
immobilized E8-Bvy chains and then cross-absorbed against
immobilized E8-a chain (11). E4-specific antibody was utilized
to immunoprecipitate laminin through its N-terminal B8 chain.
The antibody was found to react with E4, but not to react and
precipitate E1’, E8, or E3. (iii) SDS/PAGE was carried out,
unless otherwise indicated, in 3.5-12% linear gradient gels (9).
Immunoblotting and rotary shadow electron microscopy were
performed as described (12, 13). Immunoprecipitations were
conducted by incubating 5 ml of conditioned medium with 10
pg/ml anti-E4 followed by 25 ul of protein A-Sepharose, or
with 25 ul of anti-FLAG agarose beads. Beads were washed
with PBS prior to SDS/PAGE.

RESULTS

Expression of Laminin Solitary « Chain and  and y
Chains. To study the fate of individual chains in the absence
of their normal partners, we selected a transfectable cell line
with low endogenous laminin chain expression. In initial
evaluations of wild-type 293 cells no secreted laminin was
detected in conditioned medium analyzed by SDS/PAGE and
stained with Coomassie blue or in Western blots with anti-E8
antibody. Only trace levels of endogenous laminin B chain,
confined almost entirely to the cell fraction, were detected with
anti-E4 or when we overexposed immunoblots using anti-E8
antibody. Expression of the a chain alone (Fig. 1a) by cloned
cells (secreted fraction) revealed a mixture of intact (=380-
kDa) and smaller species (principally 175 and 150 kDa). For
a-transfected cells, the full-size a-chain band was detected as
a minor species, with abundant amounts of the smaller species.
The medium, in contrast to cell fraction, contained the great
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Fic. 1. Expression of laminin solitary « chain and B8 and vy chains
in 293 cells. Human 293 cells were transfected with DNAs encoding
mouse laminin B, vy, B + v, or with carrier DNA (mock). Conditioned
culture medium (secreted fraction, m) and soluble cell lysate (c) were
collected and analyzed in immunoblots under reducing or nonreducing
(lanes indicated with nr) conditions using anti-E8 or anti-FLAG
antibodies. (a) Wild-type 293 cells were stably («*) and transiently («)
transfected with @« ¢cDNA. Medium from cloned transfected cells
revealed a mixture of intact (arrow), and 175-kDa/150-kDa (dots)
laminin-a-reacting species. Intact « chain, most secreted, was detected
after transient transfection; however, most of the transiently expressed
protein was noted to migrate at 175 and 150 kDa, suggesting proteo-
lytic processing. No laminin bands were detected after mock trans-
fections. EHS-laminin standard is shown in the left lane (note that the
B and vy chains of EHS laminin are not resolved due to carbohydrate
micro-heterogeneity). (b) Laminin o-pCIS, modified to contain the
FLAG sequence at the N or C terminus, was transiently expressed. The
differential intensities of FLAG (FL) epitope reactivity (all bands
reacted with anti-laminin, not shown) indicated that the 275-kDa,
175-kDa, and 150-kDa bands were degradation products containing
either the N or C terminus, and with cleavage in the coiled-coil
domain. (c¢) Cellular expression, but not secretion, of prominent 3 and
v chains, and low amounts of smaller (degraded) species, was ob-
served. When analyzed under nonreducing conditions, 8 and By
dimers, but not yy dimers, were detected.

majority of the recombinant protein, indicating that most
a-chain protein was secreted. The nature of the a chain cleaved
products was analyzed by transiently expressing the « chain
containing the FLAG epitope sequence at the N or C terminus,
and detecting protein with FLAG-specific antibody (Fig. 1b).
For N-terminal tagged « chain, bands migrating at ~380, 275
(a275), and 175 (a175) kDa were detected. For C-terminal
FLAG « chain, bands migrating at ~380, 175, and 150 kDa
(a1s0) were detected. Since the presence of FLAG epitope fixes
the location of one end, and since the predicted protein mass
of the ol chain is ~380 kDa with carbohydrate) it could be
deduced that the cleavage site for all three faster migrating
bands lies within the coiled-coil region of the a chain. Wild-
type cells were both transiently and stably transfected with
c¢cDNA coding for the B and <y chains and evaluated in
immunoblots (Fig. 1c and data not shown). Expression of
prominent B8 and vy species, corresponding to the expected sizes
of ~200 kDa and ~190 kDa, respectively, were detected with
anti-E8 antibody under reducing conditions. In the case of cells
either transiently or stably transfected with the B plus vy
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cDNAs, two anti-E8-reacting bands, migrating closely to-
gether, were observed. Regardless of whether cells expressed
laminin 3, vy, or B plus v, all, or nearly all, of these protein
chains were localized in the intracellular fraction. Under
nonreducing conditions, what appears to be a little less than
half of the B chain migrated slower at twice the molecular
mass, reflecting the presence of some disulfide-linked dimer.
In contrast, none of the y chain, when expressed singly, was
observed to form a dimer or dimers. For cells stably expressing
both the B8 and vy chains, what appears to be the majority of the
laminin chains migrated as a dimer under nonreducing con-
ditions, with consumption of all of the monomeric y-chain
species, but with a fraction of remaining monomeric 3 chain.
While the dimeric species might contain a mixture of B and
By dimers, the higher ratio of monomer to dimer and absence
of monomeric vy chain suggest that By dimers are favored over
BB dimers. Overall, these data suggest that the laminin 3 and
v chains, whether expressed singly or together, cannot be
secreted and that BB and By, but not yy, dimers assemble in
the intracellular compartment.

Expression of the a Chain with B and vy Chains. To
determine whether the a-chain expression was required for -
and +y-chain assembly and secretion. a-pCIS was transfected
into wild-type, B stable, vy stable, and B+ stable clones (Fig. 2).
When the « chain was transiently expressed in B cells, the «
chain was detected as a secreted product (medium) while the
B chain was detected only in the cell lysate (Fig. 2a). The a
chain could not drive secretion of the B chain, and there was
no evidence for chain association. In contrast, when By-
expressing cloned cells were transiently transfected with «
DNA, intact a- and B/y-chain secretion was detected, with
increased full-size chain and a decreased fraction of a;75 and
ays50 degradation products. When cells were simultaneously
transfected under transient conditions with the «, B8, and vy
laminin cDNA constructs (Fig. 2b), three full-sized «, 3, and
v chains were identified. In analysis under nonreducing con-
ditions, a band was detected corresponding in migration to
native disulfide-stabilized trimeric laminin. However, in some
transfections, only the « chain with degraded bands was
observed in medium (not shown). We considered the possi-
bility that the transfection efficiencies varied from experiment
to experiment such that in some cases most cells each ex-
pressed all three chains (with assembly and secretion), while in
other cases different cells expressed the different chains (with
assembly failure).

When the « chain was transiently expressed in y-stable cells
(Fig. 2c), the a chain was secreted while the y chain remained
within the cell. There was no evidence for the formation of
stable ay dimers. A small difference noted here is that the
fraction of intact « chain was increased, possibly due to some
protective effect of the intracellular +y chain (also observed in
stable ay clones). When stable vy cloned cells were cotrans-
fected with the a- and B-chain cDNAs, expression of the three
chains was detected. In this situation, a heavy band, interpreted
as corresponding to incompletely resolved B and <y chain
species, as well as intact « chain, could be detected in medium
under reducing conditions. Under nonreducing conditions
(Fig. 2d) a band migrating similar to authentic EHS laminin
(aBy) was now observed, in addition to antibody-reacting
bands corresponding to the migration of disulfide-linked By
dimers [seen also with the EHS control; positions as described
(19)] and non-disulfide-linked dimers. Thus, expression of all
three chains was required for assembly of disulfide-linked
trimer and secretion of this trimer. Furthermore, some of the
recombinant « chain was disulfide-linked to its By partners,
and some non-disulfide-linked trimers appeared to have
formed as well. Transfection of the vy cells with the « plus 8
chains resulted in a substantial reduction of cleaved « chain.

Characterization of Clones Expressing ay and a3y mRNA
and Protein. We considered the possibility that endogenous
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F1G.2. Expression of the « chain with 8 and y chains. (a) 293 cells,
wild type and stably expressing B (8*), or both B and vy [(By)*], were
transiently transfected with a-pCIS (arrow points to transfection target
cell) and evaluated for recombinant protein production with anti-E8
(or, where indicated, the By-specific reagent). With a/p coexpression,
the a chain was detected in the medium while all of the B8 chain was
confined to the cell fraction. In contrast, a transfection of By-
expressing cells resulted in secretion of all three chains and in an
increase in the fraction of intact a-chain. (b) Wild-type 293 cells were
simultaneously transiently transfected with the «, B8, and y cDNAs.
Expression and secretion of all three chains, with little degraded
product, was detected with anti-E8 antibody, and a fraction of the
secreted protein migrated in the expected position of disulfide-linked
trimeric laminin. (¢ and d) Laminin vy cells (y*) were transiently
transfected with « DNA or were cotransfected with « and 8 DNA.
Under reducing conditions the vy chain remained intracellular when
expressed alone or coexpressed with only a (a—y*). However, when
a was coexpressed with the B and vy chains [(a+B)—v*)], a broad By
complex (double arrows) was detected in medium along with intact «
chain (single arrow). Again, the a chain was secreted regardless of
whether the B and y were expressed; however, the chain was largely
intact (=380 kDa) when all three chains were expressed, but consid-
erably cleaved (two dots) when expressed only with the y chain. Under
nonreducing conditions (nr, d), a fraction of the «a chain migrated
similar to that trimeric native EHS-laminin only when all three chains
were expressed, indicating some recombinant chain was disulfide-
linked to its partners.

human mRNA /protein might make significant contributions
to recombinant laminin assembly and secretion, particularly in
the circumstance of two- and three-chain expression. Trans-
fection of human cells with constructs containing mouse
cDNAs permitted the use of RT-PCR primers that were both
chain- and species-specific to demonstrate mRNA expression
of the transfected chains and any endogenous human homo-
logues. Different regions of each construct were chosen for
amplification (Fig. 3 and data not shown). Primers specific to
the pCIS construct backbone, both upstream (not shown) and
downstream of each inserted cDNA, and to the inserted mouse
cDNA demonstrated the presence of the construct in the
transfected cells by PCR of genomic DNA. Furthermore, since
the DNA from an integrated construct would provide an
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Fi6. 3. mRNA and protein characterization of cells expressing ay
and afvy chains. (a) RT-PCR amplification products from the ORF
(dark gray bars) of mouse a1, B1, and y1 cDNAs, from pCIS extending
into the ORFs (light gray bars), and from corresponding human a1, 1,
and vy1 chains (white bars) were prepared from afy, o3, and wild-type
(wt) cells, using either total RNA (DNase-treated) or genomic DNA
(D) as template. The human primers amplified the expected products
from human placental RNA but not from midterm mouse embryo
RNA. Conversely, the mouse primers amplified the expected products
from mouse RNA but not from human RNA (data not shown). (b) The
293 cell products were electrophoresed on agarose gels to analyze
recombinant and endogenous chain-specific nRNA expression (coded
bars matched to map; standards were 2.0, 1.2, 0.8, 0.4, and 0.2 kb). The
pCIS-specific products revealed that recombinant DNAs are present
and that the RNA was not contaminated with these DNAs. As
expected, recombinant mouse chains were expressed in the ay and
afy clones and not in wild-type cells. (¢) Coomassie blue-stained
polyacrylamide gel, reducing conditions, showing corresponding im-
munoblots with anti-E8 from media of wild-type cells and cells stably
expressing mouse laminin ay chains and «By chains. Secreted proteins
from the media were precipitated with ammonium sulfate or immu-
noprecipitated with anti-E4 (B1-specific) antibody, rabbit IgG control,
anti-FLAG (FL) antibody, or mouse IgG control. EHS laminin 1 (5
png) was used as standard.

RT-PCR template identical to that of the reverse-transcribed
mRNA transcript and be represented in high concentration in
any contaminating genomic DNA of an RNA preparation, the
same primer combinations were used as negative amplification
controls to demonstrate that the product bands observed in the
RT-PCR did not come from contaminating construct DNA.
The 5" and 3’ ends of the laminin cDNA of interest were also
targeted for amplification. RT-PCR of the mouse «fy-
transfected cell lines clearly demonstrated the production of
mouse al, B1, and yl mRNA with no detectable levels of
endogenous human al, B1, or yl mRNA. The ay-transfected
cells showed production of mouse a1 and +yl. The absence of
endogenous laminin mRNA, however, was not total. When a
4-fold higher level of total RNA per RT-PCR was used, trace
amounts of endogenous human 1 in particular, but also, some
v1 and possibly a1, could now be detected (data not shown).
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Serum-free conditioned medium was obtained from v cells
either transfected with the al-C-FLAG cDNA or cotrans-
fected with the a- plus B-chain cDNAs and further cloned
under double-antibiotic selection. Expressed protein was char-
acterized by immunoprecipitation and Coomassie blue stain-
ing (Fig. 3c). As noted before with the a-transient/-y-stable
cells, the a chain from the ay cells was detected as a mixture
of intact and cleaved product in medium while the y-chain
remained in the cell lysate. The y chain was detected in the cell
but not in conditioned medium. In marked contrast, the
triple-chain-transfected cells secreted all three chains. When
protein was ammonium sulfate precipitated from media con-
ditioned by wild-type cells, ary-transfected cells, and afy-
transfected cells, no bands corresponding in migration to the
laminin chains were seen in the wild-type medium by Coo-
massie blue staining. In contrast, an « band and darkly staining
faster-migrating bands (indicated with dots adjacent to the
third lane in the left part of Fig. 3c) were noted in medium
conditioned by avy cells. Most striking was medium from a3y
cells, in which prominent intact «, B, and 7y chains were
detected. Immunoprecipitation with anti-E4 and anti-FLAG
antibody confirmed the nature of the bands in a Coomassie
blue-stained gel. While anti-E4 antibody did not precipitate
protein from wild-type conditioned medium, and precipitated
minor bands from the avy cell medium, it precipitated three
major bands from the triple-chain-transfected medium with
intact «, B, and vy migrations. Anti-FLAG antibody further-
more precipitated intact « and 175-kDa and 150-kDa degraded
a bands from the avy cells, but no 8 or vy chain could be seen.
In contrast, anti-FLAG immunoprecipitates of the aBy cells
contained major bands corresponding in migration to the «, 3,
and vy chains plus considerably reduced amounts (compared
with ay cells) of the a-chain degradation products. The
interpretation of the chains in the ammonium sulfate precip-
itates and immunoprecipitates was confirmed in Western
immunoblots (not shown), and we calculated that the medium
contained ~1 pg/ml recombinant protein.

Characterization of Recombinant Laminin « Subunit and
Recombinant Laminin Structures. Conditioned medium from
ay stably transfected cells was purified by FLAG affinity
chromatography and analyzed by SDS/PAGE (Fig. 4 Left,
Coomassie blue stained). The free a-chain protein from the ary
cells consisted of intact & and the 50 fragment (and a band
migrating at ~66 kDa, indicated with =, probably medium
albumin). The electron microscopic appearance of the a-chain
preparation from the ay cells was strikingly different from that
of trimeric laminin in that there were a great number of
flexible linear rods bearing globular domains. These rods, ~80
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Fi1G. 4. Rotary-shadowed electron micrographs of recombinant
laminin « subunit and heterotrimeric laminin 1. Secreted FLAG-
tagged recombinant a chain and laminin were affinity purified, rotary
shadowed, analyzed in Coomassie blue (C.B.)-stained gels (Left), and
examined by electron microscopy (Center and Right). The free a chain
(Center) was a linear structure with a normal short arm (arrows
indicate globules) and shortened long arm terminating in G domain.
The fully recombinant afy chain complex (Right) had the typical
appearance of laminin.
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nm in length, contained a large elongated globule at one end
and three smaller globules at the other end, spaced apart such
that the most included globule was 40-50 nm along the length
of the rod. The larger globule corresponded to G domain, and
the rod segment with globules corresponded to the a-chain
short arm, given its similarity with the a-chain short arm in
native laminin (13). Since 80 nm is shorter than the combined
length of the a-chain short and long arms (=120 nm), it seems
likely that the coiled region of the recombinant « chain is in
a compact self-folded state. Such a thickened single chain
coiled-coil region is not, in contrast, observed with the B chain
(20). A second population of molecules, approximately equal
to the first in number, and consisting of globular structures
(15-20 nm dimension), sometimes comma-shaped, was noted
as well (not shown). These were identical in appearance to
recombinant distal a1 chain containing the distal portion of
the coiled-coil and G domains (11) and were interpreted as
representing the C-terminal 150-kDa degradation product.
The recombinant laminin was observed to consist of intact «
chain, B chain, and vy chain by SDS/PAGE (Fig. 4 Right). The
afy chain preparation, by rotary-shadow electron microscopy,
was seen to consist of fields of cruciform structures whose
morphology could not be distinguished from that of native
laminin.

DISCUSSION

Laminin 1, like the other members of the laminin family, is a
large and complex multidomain glycoprotein assembled from
three different subunits. Through a suitable choice of mam-
malian cell recipient, expression vector, epitope tag, and
sequential transfection protocol, we established a novel strat-
egy to express different combinations of recombinant laminin
chains in a near-null background and therefore were able to
dissect rules of association and export to the extracellular
space. From these studies with 293 cells, and interpreted in the
context of earlier work, a working hypothesis of assembly/
secretion was developed (Fig. 5). When expressed alone, the «
chain was found to be secreted as a monomer. Purified protein
was visualized by electron microscopy as linear molecules
containing a normal a-chain short arm connected to a fore-
shortened long arm-like structure terminating in a G domain.
Some of this protein was cleaved within the coiled-coil region,
probably due to exposure of part of the normally buried heptad
sequence to intracellular and perhaps extracellular proteases.
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Fic. 5. Working hypothesis of laminin subunit assembly and
secretion. Expression by 293 cells of laminin $ or -y chain alone results
in intracellular retention of non-disulfide-linked chain with dimeriza-
tion of the B chain, but not vy chain. g and +y coexpression results in
intracellular retention of heterodimers. Expression of « chain results
in secretion of monomeric chain with partial proteolytic cleavage:
assembly with B without v, or y without 3, does not occur. Coexpres-
sion of all three chains results in secretion of intact trimeric laminin.
The « chain, the only chain which can be secreted free, drives secretion
of paired By chains.
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The B and vy chains, whether expressed singly or together, were
not secreted and remained intracellular. The B chain formed
intracellular dimers, whereas the y chain did not. When both
chains were expressed, By dimers formed and appeared to be
preferred. The « chain did not drive secretion of the -y chain
in the absence of the B chain, and similarly did not drive
secretion of the B chain in the absence of the y chain. However,
if B and -y chain were expressed, then all three assembled into
a trimer which was secreted into the medium, accompanied by
a substantial decrease of a-chain degradation.

The coiled-coil domain of the long arm is crucial for
assembly of the three chains of laminin (5-10). Disulfide bonds
bridge and stabilize all three chains in the most proximal
region and join the B and vy chains in the most distal region of
the long arm. Biosynthetic labeling of F9 cells revealed the
presence of a By intermediate during laminin synthesis (16),
and in vitro studies conducted with C-terminal coiled-coil
segments of the three chains revealed that the 8 and vy chain
segments form coiled-coil dimers which can reorganize to form
aBy segment heterotrimers upon addition of the a-chain
fragment (7-10). In studies using synthetic and prokaryotic
recombinant fragments, it furthermore was found that both 83
and By dimers can form, with the later preferred over the
former (9, 10, 21). In addition, weaker homo-associations of «
and vy chains could be detected (21). The apparent decrease of
chain specificity was attributed to the relatively short length of
the protein with the expectation this would not be the case for
the full-length chains. It was therefore a surprise to discover
that BB as well as By dimers assemble in vivo, and that even for
full-length chains, the heterodimeric intermediate is favored,
albeit not strongly. However, the other in vitro associations
were not found in the transfected cells, and our data show that
cellular export of B and vy chains and their complexes lacking
the a chain is forbidden in 293 cells.

Our analysis has shown that the « chain can be expressed and
secreted as a single chain and that, once associated with the 8
and v chains, it can drive their secretion as well. This suggests
that the « chain possesses properties unique to its sequence
and structure that are not present in its chain partners. The
determinants that prevent secretion in the 8 and vy chains are
unlikely to lie within the proximal short arms, since recombi-
nant B1(VI-IV) is secreted by 293 cells (unpublished obser-
vations) and it seems more likely that the impediment to 3 and
v secretion lies in the region of the coiled-coil itself. While still
an open question, it is possible to at least identify candidate
laminin a-chain secretion determinants. In addition to the «
chain being the largest of the three chains, it is the most basic,
particularly in the G domain (12). The « chain also appears to
be the most highly glycosylated (5, 22), with many of these sites
lying within the coiled-coil. One possibility is that the carbo-
hydrate structure uniquely present in the « chain, and in
particular in the N-terminal moiety of the coiled-coil, permits
its secretion. While one might suspect that these bulky carbo-
hydrate groups might also affect coiling, self-assembly studies
using C-terminal peptides lacking carbohydrate suggest that
carbohydrate is not a major determinant in this regard (21).
The same full-length o cDNA, inserted into baculovirus,
resulted in « chain expression but failed to result in secretion
following infection of Sf9 insect cells (data not shown). In
contrast, these same cells expressed and secreted recombinant
a G domain with or without the distal (C-terminal) 2/5 of the
coiled-coil sequence (11, 12). These insect cells possess the
necessary post-translational enzymes required for disulfide
isomerization and addition of N-linked carbohydrate, but they
lack the ability to convert the mannose-type oligosaccharide to
complex oligosaccharide (11). We suggest that the complex
carbohydrate of the « chain is one determinant of cellular
export of free a chain and assembled laminin.

We have observed that the 8 and vy chains require a-chain
co-expression for their secretion. There is, furthermore, evi-
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dence to suggest that the phenomenon is not confined to 293
cells (23-26). Suppression of laminin «-chain expression in
epithelial cells grown on fibroblasts resulted in ablation of
laminin secretion with intracellular accumulation of the 8 and
v chains (24), and the laminin al chain appeared to be the
limiting factor in the secretion of 8 and vy chains in adrenal
cortical cells, with intracellular retention of By chains ex-
pressed in molar excess (26). These findings make it unlikely,
as once proposed, that there exist laminins that lack an « chain
(23). An unexpected and contrasting finding of the current
study was that the o chain, expressed in the absence of its
normal B- and +y-chain partners, was secreted as a free
monomer. We would predict this event when the intracellular
a-chain concentration exceeds that of available By complex,
raising the possibility that tissue cells may, under some cir-
cumstances, secrete free « chain. If so, the molecules would
have a considerably different set of functions from that of
laminin. Our findings also suggest that whole laminin secretion
may be controlled by the a-chain gene product. It is interesting
to note that over a decade ago Cooper and MacQueen (27)
proposed that the « chain might regulate the extracellular
secretion and basement membrane accumulation of laminin;
they found that the « chain of laminin was expressed before the
B and vy chains at the 16-cell morula stage, when extracellular
laminin first appeared. In adrenal cortex, corticotropin
(ACTH) was found to up-regulate laminin-1 secretion by
inducing a-chain synthesis in the presence of a constant
intracellular molar excess of B and vy chains (26). Because
laminin extracellular accumulation precedes other basement
membrane components in some developmental stages (28), we
speculate that regulation of the « chain may be used to trigger
basement membrane assembly.

In conclusion, we have applied a recombinant strategy to the
analysis of laminin assembly and secretion, revealing new rules
of assembly as well as confirming some, but not all, conclusions
based on in vitro studies. We have also shown that it is possible
to generate biochemical quantities of a fully recombinant
trimeric extracellular matrix molecule for study. This is, as far
as we can determine, the first time that such a multisubunit
extracellular glycoprotein has been assembled or handled as a
recombinant entity. From earlier efforts, we concluded that
these goals could not be achieved with prokaryotic or bacu-
lovirus expression systems: these other systems appeared to be
unable to provide the necessary post-translational modifica-
tions needed for secretion. The mammalian expression strat-
egy we employed overcame these difficulties and now can be
exploited to further analyze assembly as well as to elucidate
and map the different functions of laminin isoforms which are
largely unavailable as isolated components. It furthermore
opens an avenue to dissect the molecular bases of normal
laminin functions and to evaluate altered functions in laminins
bearing mutations as found in such disorders as the merosin-
deficient congenital muscular dystrophies.
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