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A system was developed for expression and purification of various recombinant 1 LG4-

5 and heterotrimeric laminin-111 proteins.  A number of combinations involving different 

promoters, 5’UTRs, signal sequences, epitope tags, selectable antibiotics, and 

purification schemes were tested in order to optimize the system.  A homology model of 

laminin 1 LG4-5 was generated and utilized to identify candidates for mutation and 

expression as recombinant 1 LG4-5 proteins.  The crystal structure of 1 LG4-5 was 

also determined.  Heparin, -dystroglycan (DG), and sulfatide binding of the generated 

mutants demonstrated wide differences and dependence upon contributions from basic 

residues on the surface of LG4, including: RKR2721 and KRK2793 for heparin;  RAR2833, 

KDR2860, the Asn2811 glycation moiety, and the LG4 Ca2+ ion for DG;  the LG4 Ca2+, 

Arg2833 of RAR2833, and Lys2766 residue of RKGRTK2770 for one sulfatide binding site, and 

the Arg2831 of RAR2833 for a second sulfatide site. 

 The produced recombinant heterotrimeric laminin-111s demonstrated a requirement 

for the N-terminal LN domains of laminin-111’s constituent 1, 1, and 1 chains in self-

polymerization.  The inability of embryoid bodies, derived from laminin 1 null embryonic 

stem cells, to express Lm-111 and develop past formation of an outer endodermal layer 

of cells without laminin, was utilized via the addition of exogeneous recombinant laminin-
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111s, to test the various functions of the recombinant laminins and their ability to form a 

basement membrane and induce both differentiation of an epiblast layer and formation 

of a central cavity.  Laminins’ containing defective polymerization or 1 LG4 anchorage 

failed to form a BM or undergo any further development after endodermal differentiation.   

 Experiments with Schwann cells, C2C12 myotubes, and mouse embryonic 

fibroblasts demonstrated the requirement for both polymerization and 1 LG4 mediated 

anchorage in laminin-111 for proper BM formation, cytoskeletal attachment, and laminin 

induced cell signaling via Src.  The results also suggest a role for laminin-111 

polymerization and anchorage in providing a means for aggregation and accumulation of 

low affinity interactions in a complex, thereby attaining very high net affinities for binding 

interactions and attaining otherwise unatainable thresholds necessary for these 

interactions to exert their effects through manipulation of the cytoskeleton, as well as, 

laminin induced differentiation and cell signaling. 
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Chapter 1.  Introduction & Background 

Laminins represent a major glycoprotein family of the cell surface extracellular matrices 

(ECMs) known as basement membranes (BMs).  BMs are cell surface-associated ex-

tracellular matrices usually found either as sheets separating cell layers or as enveloping 

cell coats and are the first extracellular matrices to appear during embryogenesis [1, 2].  

They first appear prior to the onset of gastrulation, as the embryo develops two cell 

layers and can be found associated with several different cell types in many different 

tissues.  These BMs contain networks of laminin (Lm) and type IV collagen that become 

enmeshed and form a scaffolding that other extracellular matrix proteins, such as 

nidogens, agrin, perlecan, bamacan, type XVIII collagen, fibronectin, and growth factors 

can bind to (figure 1).  Furthermore, BMs are anchored to various cell surfaces through 

receptors such as integrins, dystroglycan, syndecans, glypicans, and sulfated glycolipids 

such as sulfatide.  BMs contribute to the permeability-selectivity between tissue 

compartments, serve as substrates for cell adhesion and migration, and regulate cell 

behavior and differentiation.  Members of the laminin family are thought to be essential 

for the assembly and proper functioning of BMs during and after embryonic 

development.  Mutations of different laminin chain have been found to cause debilitating 

and even life-threatening diseases of periheral nerve, skeletal muscle, brain, skin, and 

kidney.  Each laminin molecule consists of three different subunits, each substantial in 

size and composed of a linear array of domains, and joined together through a long 

heterotrimeric coiled-coil arrangement.  One of the longstanding goals in the ECM field 

has been to understand the molecular basis of laminin interactions with itself, with other 

BM components, and with cell surface binding molecules and receptors.  This 

knowledge is important if one is to gain mechanistic insights into the complex functions 

of BMs during development and in the pathogenesis of different diseases. 
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 Early work suggested (1) that laminins attach to cell surfaces through their C-

terminal  subunit LG domains; binding to sulfatides, heparan sulfates, and the receptor 

alpha dystroglycan (DG), and (2) that laminins polymerize through their N-terminal LN 

domains, creating initial extracellular scaffoldings for attachment of other ECM 

components.  However, advancement of these analyses to formulate a detailed 

molecular model with predictive value has been hampered by the existence of only a 

relatively small repertoire of protein fragments that are quite large and that contain 

several to very many domains each with multiple binding interactions.  This problem, 

recognized by various laboratories, was approached by combining the tools of molecular 

genetics with those of protein biochemistry and cell biology.  Success was variable (e.g. 

proteins expressed in prokaryotic cells usually lacked proper folding and function) and 

often slow, particularly in the case of laminins with their large size, complex 

carbohydrate modifications, and heterotrimeric complexity.  The need to generate 

recombinant fragments and whole laminins became further apparent when it was 

realized that the different activities of laminn acted cooperatively on cells.     

 In order to overcome the technical difficulties and begin to learn about laminin 

adhesive and self-assembly functions at a domain and sequence level, I embarked on 

a project to develop a library of recombinant laminin fragments and laminin-111 

heterotrimers that contained various deletion and point mutations.  Many conditions 

of construct design, epitope tag usage, antibiotic selection, mammalian cell transfection 

strategies, and recombinant protein purification needed to be first worked out before it 

was even possible to examine function.  In time, a library of secreted and glycosylated 

recombinant 1 LG4-5 domains and recombinant heterotrimeric laminins was developed 

that could then be analyzed for binding properties and cellular interactions.  The 

project was of such magnitude that there were collaborations developed with different 
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laboratory members from within and outside our own laboratory.  I have attempted to 

credit individuals where appropriate. 

 The first major project was to generate an all mouse heterotrimeric laminin-111, 

however, there were issues with the 1 chain being secreted by itself, chain imbalance, 

degradation, and failure to establish a permanent line with sustained expression of the 

heterotrimeric Lm-111s and Lm-211s.  Effort was then put into developing an all human 

heterotrimeric Lm-111, however, despite trying several construct variations, the vast 

majority of the produced heterotrimeric Lm-111 contained an 1 chain which was 

proteolytically cleaved in the coiled-coil region and also had some minor proteolytic 

degradation associated with it. 

 In the meanwhile another major project was initiated:  generation of recombinant 

laminin 1 fragments containing the LG4 domain previously implicated in cell adhesion.  

The crystal coordinates of laminin 1’s homolog, 2 LG4-5, were utilized with the aid of 

several homology modeling and energy minimization computer programs to generate a 

three dimensional model of 1 LG4-5.  Based on this generated model and previous 

binding study data, a series of point mutations altering the lysine and arginine residues 

thought to be involved in heparin, sulfatide, and dystroglycan binding were introduced 

into the protein sequence and tested.  The proteins were purified by virtue of an N-

terminal FLAG epitope tag and analyzed for intactness and correct size.  Wild type 

recombinant protein bound to all three ligands examined: heparin, sulfatide, and DG 

(purified recombinant protein was supplied to Dr. James Ervasti who performed the DG 

binding analysis).  The different mutant 1 LG4-5 recombinant proteins exhibited 

reduced ligand binding to various extents.  The recombinant protein and expression 

constructs were then utilized by another collaborator, Erhard Hohenester, to crystalize 

and determine the structure of mouse 1 LG4-5.  The DG, suflatide, and heparin 
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binding sites were mapped to the generated structure and appear to be partially 

overlapping patches on the surface of the LG4 domain.  This project also provided a 

system for more easily examining and perfecting the components and procedures 

neccessary for establishing an efficient heterotrimeric recombinant system.  

Combinations of different promoters, signal sequences, 5’UTRs, epitope tags, and 

antibiotic selectable markers, were utilized in a multitude of expression constructs and 

both the quality and quantity of expressed recombinant proteins examined and 

compared in order to determine which elements worked best in combination with each 

other. 

 It was found that the mouse 1 chain could be expressed along with the human 1 

and 1 chains to make a stable non-proteolytically processed heterotrimeric laminin-111.  

This project became the focus of several people in the lab over the years.  The system 

was utilized to analyze the role of the individual chain N-terminal LN domains in laminin 

polymerization, as well as, the role of laminin polymerization in laminin’s ability to form a 

basement membrane and induce differentiation and cell signaling events.  C-terminal 1 

LG domain deletions and point mutations were also generated in order to test their role 

in these same processes.  
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Section I.  Laminin. 

Not only is laminin (Lm) the most abundant glycoprotein in BMs [1], but also, the first 

detectable matrix protein to be expressed during embryogenesis.  The protein products 

of both the 1 and 1 chains of Lm are detectable at the 2-4 cell stage of mouse 

embryogenesis [1, 2], however, the 1 chain product is not detectable until the 16-cell 

stage.  The first BMs appear around embryonic day (E) 3.5-4.  

 

 

Section IA. The laminin family. 

Laminin was first identified in a mouse teratocarcinoma, the EHS-tumor (Englebreth-

Holm-Swarm, named after its discoverers).  All Lms are heterotrimeric; consisting of an 

 chain and two shorter chains, the  and  chains (figure 2A).  Presently, there have 

been 5 , 3 , and 3  chains identified (figure 2B).  The combination of the various 

chains determine the respective Lm type: laminin-111 (is composed of an 1, 1, and 1 

chain), laminin-211 (consists of an 2, 1, and 1 chain), etc. [3].  It is believed that the 

molecules are not expressed in every possible //combination, however, at least 15 of 

the potential 54 Lm isoforms have been positively identified so far.  The molecular 

weights of the individual laminin chains range from 140-400 kDa and the heterotrimeric 

Lms range in size from 400-900 kDa.   

 Heterotrimeric laminins are cross or T shaped with two or three short arms and one 

long arm ending in a cluster of five globular domains.  The short arms are composed of 

the N-terminal parts of each of the three chains and consist of globular domains 

separated by varying numbers of laminin epidermal growth factor-like domains (LE).  

The beginning N-terminal globular domain of each chain is called an LN domain and the 

LE domains vary in number, size, and may contain 6, 8, or 10 cysteines.  The long arm 
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is a triple -helical coiled-coil formed by all three chains.  Heterotrimer formation is due 

to the hydrophobic and polar interactions of the heptad repeats which compose this 

coiled-coil region [4].  Disulfide linkages of the three chains occur at the beginning of the 

coiled-coil domain and at the end of the coiled-coil between the 1 and 1 chain.  The  

and  chains’ C-termini are found at the end of the coiled-coil, while the  chain extends 

further to form five C-terminal globular domains termed LG1-5 (see figure 2 for a more 

detailed description of domain nomenclature). 

 While all Lm chains are characterized by a homologous domain structure, the 3 and 

4 chains differ from the 1 and 2 chains in that the chain is shorter in the former, with 

the absence of the globular LN and L4 domains as well as the majority of the LE repeats 

from the N-terminus.  Despite all Lm chains sharing a relatively high degree of homology 

(figure 2C), only 1 of each chain from each subfamily (, , and ) is represented in the 

heterotrimeric Lm.  The 5 chain, resembles the 1 and 2 chains in structure; however, 

it shows more sequence similarity to the 3 and 4 chains. Furthermore, it demonstrates 

its greatest homology, not to the mammalian 1-4, but to the only known Drosophila 

chain. 

 At least four of the laminin chains (2, 3, 4, and 3) posses alternative splice 

variants [5-7], however, there is no evidence this occurs with any of the chains which 

compose Lm-111 (1, 1, or 1).  Furthermore, all of the alpha chains, with the 

exception of 1, have demonstrated proteolytic processing variations within the LG1-5 

domains due to posttranslational, and possibly post-secretion, modifications [8-11].  In 

many cases the cleaved fragment remains bound to the remainder of the G domain.  

Some laminins, such as Lm-332 are highly proteolytically processed [12, 13] and others 

such as those containing 2 [7] and 4 [14] show minor processing of their C-terminal G 

domain, however, neither 1 nor Lm-111 show any evidence of proteolytic processing.  
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Furthermore, to date, all Lms have been shown to exhibit distinct temporal and spatial 

expression patterns.  

  Enzymatic digestion of laminin-111 purified from EHS tumor with cathepsin-G, 

elastase, pepsin, or trypsin yields proteolytic fragments often used for inhibition and 

binding studies.  Of particular relevance for this study are the cathepsin-G C1-4 fragment 

(figure 3A) and elastase digestion fragments: E1’, E4, E8, and E3 (figure 3B). 

 

 

Section IB. Individual laminin chains. 

The temporal and spatial expression pattern of the 11 individual laminin chains is very 

diverse.  There has only been a few attempts at any sort of comprehensive analysis of 

laminin chain distribution.  Table 1 provides a generalized summary based upon in situ 

hybridizations, Northerns, Westerns, and immunohistochemical staining results.  As a 

general rule:  the 1 and 1 chains are widely expressed and it is the  chain expression 

which provides specificity to the individual heterotrimeric laminins; which is 

understandable since the  chain also provides most of the Lm binding activities 

observed so far.  

 The laminin 1 chain is mainly expressed by developing epithelial cells during 

organogenesis in developing embryos and is the major  chain in early embryogenesis.  

It is not present (or it's expression is at extremely low levels) in embryonic and adult 

muscle, heart, endothelium, fat, and nerves.  In adults the highest levels of 1 are 

present in placenta, kidney, testis, eye, and liver and exceed that of the other  chains in 

some parts of these tissues.  The liver sinusoids do contain 1 laminin and may be the 

one exception to the epithelial specific expression and distribution of 1 [15]. 
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 The laminin 1 chain is often replaced by 2 and 5 during development and 

organogenesis [15].  There is more 1 than 2 or 5 in adult kidney, otherwise 2 is in 

higher concentration than 1 in most other adult tissues [16].  Laminin 1 knock-out 

mice die around embryonic day E6.5 due to the lack of Reichert's membrane and 

defective epiblast polarization [17]. Recently, mutant mice that express a truncated 

laminin-111 molecule that is specifically missing the LG4-5 portion of the laminin 1 

chain were generated [18]. The mutant mice die from defective Reichert's membrane, 

just like the laminin 1 knock-out mice [19].  The 2 chain is most prominent in muscle 

and peripheral nerve, 3 in stratified epithelia such as skin, 4 in mesenchyme or 

mesenchyme derived cells such as fat cells, bone marrow, and blood vessels, and 5 is 

the most ubiquitously expressed  chain.  Many cells types produce several laminin 

isoforms or are exposed to them due to production by adjacent cells [20, 21].  

Furthermore, the heterotrimeric nature of laminin makes analysis of its distribution 

difficult since any given subunit chain may belong to a number of different laminin types, 

however, the distribution of several heterotrimeric laminins has been discerned. 

 Due to the gowing popularity of high-throughput gene expression methodologies in 

the last 10 years and the ability of microarray hybridization and serial analysis of gene 

expression (SAGE) to simultaneously quantify tens of thousands of gene transcripts, 

NCBI created the Gene Expression Omnibus (GEO) to act as a public repository and  

user interface to store, organize, analyze, and view all the collected data [22].  GEO is 

linked to UniGene [23] a system for automatically partitioning GenBank sequences, 

including ESTs, into a non-redundant set of gene-oriented clusters.  UniGene clusters 

ESTs and links related information, such as: the tissue types in which the gene is 

expressed, model organism protein similarities, the LocusLink report for the gene, 

source, and other information.  In the human UniGene database there are over 3.6 
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million human ESTs represented and over 1 billion mouse EST results.  These programs 

and their databases were utilized to create a summary of the number of EST hits for 

each laminin chain found per tissue/cell line and assay.  The results were examined and 

the theoretical number of ESTs identified per screen equilibrated in order to generate an 

in silico derived representation of the expression profile for each laminin chain.  The 

results were grouped by tissue and are presented by chain subtype: figure 4 -  chains, 

figure 5 -  chains, and figure 6 -  chains of laminin (the actual numbers are listed in 

appendix figure 1).  The results not only allow for quick identification of tissue distribution 

and theoretical expression level comparisons of individual chains but direct comparison 

of levels between chains across all tissues examined.  This is possible because of the 

nature of the data obtained.  Rather than measuring mRNA or protein levels with probes 

which will vary from chain to chain, the actual number of transcripts obtained is recorded 

and is representative of the number of transcripts per tissue for each given chain being 

expressed in the tissue examined and as such is directly comparable to the data 

generated from any other chain or tissue examined.  For example, figure 4 shows that 

the 1 chain is the most highly expressed transcript in fetal stages of development, 

followed by 5, and has the highest level of mRNA expression in the adult kidney of all 

the laminin  chains.  Of course, a limitation of this data is that the number of mRNA 

transcripts will not neccessarily reflect expressed protein levels. However, the results 

from this analysis compliments those obtained by others via in situ hybridization, 

Northern, Western, immunoprecipitation, and immunohistochemical means. 
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Section IC. Laminin-111. 

Laminin-111 is composed of the 1, 1, and 1 chains and was the first laminin 

identified, sequenced, and studied [25-29].  Laminin-111 appears to be the major laminin 

expressed during early embryogenesis [30-33].  As a matter of fact, embryogenesis will 

not proceed without this laminin; a situation we capitalized upon when studying embryoid 

bodies derived from embryonic stem cells.  Expressed in the blastocyst, it appears early 

during epithelial morphogenesis in most tissues of the embryo [15, 19, 34-36], however, 

it is mostly absent from adult tissues and remains present as a major epithelial laminin in 

just a few adult tissues [11, 37-43].  Lm-111 has many binding ligands, including: 

integrins (11,21, 61, 64, 71, and 31), nidogen, agrin, DG, sulfatide, 

HNK-1, syndecan-1, perlecan, and fibulin-1.  
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Section II.  Laminin activities and basement membrane formation. 

Laminin has been shown to enhance cellular attachment, spreading, growth, and 

differentiation [45-49]. It performs these functions via specific domains (figures 1 and 7B) 

of the molecule and its interaction with both other extracellular matrix molecules and via 

direct connection to the cell surface. 

 

 

Section IIA. Laminin polymerization. 

The N-terminal LN domains from all three laminin chains (1, 1, and 1) which 

compose Lm-111, participate in the formation of a calcium dependent reversible non-

covalent polymerization reaction [50-55].  The critical concentration for polymerization in 

solution is 70-140 nM, however, the apparent critical concentration can be significantly 

reduced by interactions on artificially created lipid bilayers layers and on cell surfaces, 

via laminin's binding and accumulation on these surfaces [56].     

 

 

Section IIB. Laminin binding interactions. 

Both type IV collagen and laminin-111 can self-polymerize to form meshes [51, 54, 57-

59].  Electron micrographs of freeze-etched samples reveal a laminin polymer composed 

of interconnecting struts and vertices separate from the type IV collagen network [54].  

Perlecan can bind the NC1 domain of type IV collagen, sulfatide, dystroglycan [60], 21 

integrin, and the G2 domain of nidogen, while its N-terminal heparan sulfate chains can 

bind the C-terminal LG4-5 domain of Lm-111 (figure 1).  Agrin can bind dystroglycan 

[61], syndecans, V3 integrin, and 71 integrin.  Furthermore, the NtA (N-terminal 
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agrin) domain of agrin can bind the coiled-coil domain region of Lm-111.  Type IV 

collagen can bind to both 21 and 11 integrins, as wells as, the G2 and G3 domains 

of nidogen.  The N-terminal domains of nidogen can bind to type IV collagen, fibulin, and 

perlecan [62-65], while the C-terminal, G3 domain of nidogen, can bind to the 

NIDPNAV804 sequence [66] of the fourth EGF-repeat in domain III of the 1 chain of 

laminin [21], thus providing a bridge among these components of the BM [43, 53, 55, 63, 

65, 67-70].  However, knockout evidence reveals that neither nidogen nor its binding to 

laminin are essential for basement membrane formation [21, 71, 72].   As stated earlier, 

the HS chains of perlecan can bind LG4 of laminin.  The binding epitope for the HNK-1 

carbohydrate motif present on several proteins and lipids has also been mapped to LG2 

of the 1 chain [73].  The sulfated glycolipid, sulfatide, has been shown to bind both the 

N-terminal LN domain and C-terminal LG4 domain of laminin-111 [74, 75].  Both 11 

and 21 integrin can bind the N-terminal LN domain of the 1 chain of Lm while 61, 

64, and 71 integrins can bind the LG1-3 domains of the 1 chain [36, 76-79].  

Fibulin-1 also binds LG4-5 of the 1 chain.  Furthermore, -dystroglycan, a surface 

protein that is part of the dystrophin-receptor complex in muscle [80, 81] and syndecans, 

have been shown to bind LG4 of the 1 chain.  These transmembrane receptors link 

laminin to the cellular cytoskeleton and via these associations, it is thought that laminin 

mediates some of its effects on cell behavior [82-86].  Figure 7 depicts, not only, the 

amino acid residue size of Lm-111, its component chains, and 1 LG4-5, but also, the 

size of Lm-111, other ECM proteins, and several cellular receptors.   
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Section IIB1. Laminin binding to other extracellular matrix and basement 

membrane components. 

Type IV collagen 

The collagen family is ubiquitously expressed and contains at least 28 types.  The typical 

interstitial collagen or “collagen molecule” is a rod about 300nm long and 1.5nm in 

diameter and consists of three polypeptide strands, each of which is present as a left-

handed helix.  The three strands are twisted together into a right-handed coiled coil, a 

triple helix, whose quaternary structure is stabilized by numerous hydrogen bonds.  

Collagen subunits will self-assemble in regular staggered formations into even larger 

covalently crosslinked, both within the individual triple helices and between neighboring 

tropocollagen helices, collagen fibrils.  These collagen fibrils can also further associate 

into organized overlapping bundles termed collagen fibers.  A distinctive feature of 

collagens is their repeating pattern of Gly-X-Pro or Gly-X-Hyp), where X may be any of a 

number of various amino acid residues.  This regular repetition and high Gly content is 

necessary for proper packing and triple helical formation.  The structure of the triple helix 

necessitates glycine at every third position because there is no room in the interior of the 

triple helix for any side group other than glycine’s single hydrogen atom.  Conversely, 

the rings of Pro and Hyp must point outward from the triple helix.  The high Pro and Hyp 

(Hydroxyproline) content enables the spontaneous formation and stabilization of left-

handed helices without intrachain hydrogen bond formation.  

 Type IV collagen is found primarily in the basal lamina and like the other collagen 

family members is composed of a triple helix, however, the long collagenous domain of 

the individual chains, composed of approxiametly 1,400 amino acid residues, containing 

Gly-Xaa-Yaa repeats are not well conserved and are interrupted at several sites by short 

noncollageneous sequences. There is also a 15 amino acid N-terminal noncollageneous 

7S domain, and a 230 residue C-terminal non-collagneous globular NC1 domain which 
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is not removed during post-translational processing [87-89].  Furthermore, the triple 

helical monomers associate via their carboxyl termini (NC1 to NC1) to form dimers [90] 

and via their amino termini (7S-7S-7S-7S) to form tetramers [91], as well as laterally [58, 

59, 91, 92] rather than in parallel and form a mesh rather than fibrils.  Type IV collagen 

also lacks the regular repeating Gly at every third position that is required for a tight 

collgen triple helix.  The individual collagen chains are encoded by six genes: COL4A1, 

COL4A2, COL4A3, COL4A4, COL4A5, and COL4A6.  Mutations in these genes lead to 

Alport syndrome [93-95] and the generation of autoantibodies which lead to 

Goodpasture syndrome [96-101].   

 

Nidogen 

Nidogen has been thought to serve as bridge between laminin and type IV collagen [21, 

71, 62, 65, 66, 102, 103].  In 2003, Takagi et al. [104] determined the crystal structure of 

the nidogen-1 G3-III complex with laminin at a resolution of 2.3 angstroms. The structure 

of the interacting domains revealed a 6-bladed Tyr-Trp-Thr-Asp (YWTD) beta-propeller 

domain in nidogen bound to laminin epidermal growth factor-like (LE) modules III3-5 

(LE3-5) in laminin. Laminin LE module 4 (LE4) binds to an amphitheater-shaped surface 

on the pseudo-6-fold axis of the beta-propeller, and laminin LE3 binds over its rim. A 

Phe residue that shutters the water-filled central aperture of the beta-propeller, the 

rigidity of the amphitheater, and high shape complementarity enabled the construction of 

an evolutionarily conserved binding surface for LE4 of unprecedentedly high affinity for 

its small size. 

 

Perlecan 

Perlecan is a major HSPG molecule of the basement membrane.  The core protein of 

perlecan is a 467 KDa HSPG (human) composed of 4,370 amino acids and five 
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domains.  The N-terminal  domain I is a unique sulfate-binding region containing three 

HS chains, domain II has four class A low-density lipoprotein (LDL) receptor like repeats, 

domain III contains three laminin domain IV (L4) like modules and eight laminin 

epidermal growth factor (EGF)-like repeats (LE), domain IV contains Ig-like repeats 

similar to those found in NCAM (domain IV), and the C-terminal domain V possess three 

C-terminal LG domains of 1 laminin and four EGF-like repeats (C-terminal domain V), 

respectively [105, 106]. 

 Mammalian perlecan in the BM is substituted with HS, but may also include 

chondroitin sulfate (CS), dermatan sulfate (DS), hybrid mixtures, and may even be 

secreted GAG free [107-113].  The HS chains are heterogeneous in size, however, each 

HS chain averaged 380 KDa in molecular mass and 87 nm in length when examine by 

electron microscopy.  In addition to HS chains, perlecan bears a further 20 KDa of N- 

and O-linked oligosaccharide chains, which are suggested to function in the secretion of 

perlecan.  The N-terminal HS chains of perlecan can bind laminin, type IV collagen, and 

fibronectin [63, 114].  Domain IV can bind to the G2 and G3 domains of nidogen-1 [103], 

nidogen-2 [78], fibulin-2, and fibronectin [115].  Domain V can bind laminin, nidogen, and 

fibulin-2 [60]. 

   Perlecan is ubiquitously expressed, found in most BMs and a few connective 

tissues which do not contain a classic BM, such as cartilage (CS-modified), spleen, 

lymph nodes,  and the sinusoids of the liver [116, 117].  Many different cell types can 

synthesize perlecan, including: fibroblasts [118], epithelial [119], epidermal [120], 

endothelial [121], chondrocytes [122], and smooth muscle cells [123].  Becuase many 

early embryonic BMs can be formed without perlecan participation, targeted deletion of 

perlecan does not lead to lethality until approximately E10. 

 Perlecan and other HSPGs act as low affinity receptors, potentiating the binding 

of the growth factors such as FGF-2 [121, 124-129] and VEGF [130-133] to their 
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receptors.  Perlecan has also been shown to interact with other growth factors and 

HSPGs [121, 134-136].  

Agrin 

Agrin is a heparan sulfate proteoglycan with multiple splice variations, is widely 

expressed, and induces the aggregation of acetylcholine receptors [137] and other 

postsynaptic proteins on muscle fibers and is crucial for the formation of the 

neuromuscular junction (NMJ) [138-143].  It is a 200 kDa HSPG consisting of 1,940 

amino acid residues, including 141 Cys residues [144]. The morphological appearance 

of agrin is an elongated structure (approxiametly 95 nm long), with an N-terminal 

globular domain on one end and three globular domains, homologous to the laminin LG 

domains on the other end [139].  Alternative splicing generates multiple agrin variants 

which differ in their ability to bind heparin and DG, as well as, AChR clustering 

efficiency.  The 4 residue (Lys-Ser-Arg-Lys), Y splice site variant in rat agrin (A site in 

chick agrin) is required for agrin binding to heparin.  The neuronal-specific isoforms of 

agrin contain 8, 11, or 19 amino acids at a splice site referred to as the Z site in rat agrin 

and the B site in chick agrin [145, 146].  Inclussion of the 8 amino acids at the Z splice 

site result in an agrin that, not only, binds DG less tightly by affecting the Ca2+ binding 

dependency, but also, demonstrate a 1,000 fold increase in AcChR clustering activity 

[141, 147]. 

 Agrin induces the clustering of acetylcholine receptors through the skeletal 

muscle tyrosine kinase receptor MuSK [148] to activate signaling cascades responsible 

for multiple aspects of synapse formation, including: organization of the postsynaptic 

membrane, synapse-specific transcription, and presynaptic differentiation.   The tyrosine 

kinases Ab11 and Ab12 are concentrated at the postsynaptic neuromuscular junction 
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and mediate postsynaptic AChR clustering downstream of agrin and MuSK signaling 

[149] via interaction with cytoskeletal regulatory molecules important for synapse 

assembly and remodeling.  Interaction between the AChR beta subunit and APC may 

also link AChRs to the cytoskeleton and help localize the AChR to the neuromuscular 

junction [150].  Agrin has also been implicated in inducing the aggregation of signaling 

proteins in both T-cells and nervous tissue via kinase rich lipid raft microdomains [151].  

Neuromuscular differentiation is defective in the agrin knockout mice [152, 153], 

however, some postsynaptic differentiation does occur. 

 

 

Section IIB2. Laminin binding to cellular receptors and anchors. 

There are several known cellular receptors for laminin, including: integrins, dystroglycan, 

syndecans, glypicans, and sulfated glycolipids.  Several other membrane associated, 

laminin binding proteins, including: the -amyloid precursor protein [154, 155], 

galactosidases [156], a galactosyltransferase [157], and the Lutheran glycoprotein 

erythrocyte receptors (5 laminin specific) [158], have been found, however, with the 

exception of the Lutheran antigen, the significance of these interactions is largely 

unknown and, therefore, will not be discussed.  

 

Integrins 

Although both 11 and 21 integrin binding sites are located in the N-terminus of the 

1 chain [159-162] their contribution to cell adhesion may be minor.  Of greater impact is 

the 61, 64, and 71 integrin binding sites found in the C-terminal LG1-3 of the 1 

chain [12, 163-168].  This binding probably also requires the C-terminal portion of the 

coiled-coil as represented by the elastase proteolytic fragment E8 [169].  As it is, in vivo, 
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the 71 integrin and Lm-111 have very different temporal and spatial expression and 

distribution patterns, therefore, they are seldom present in the same tissue, thereby 

having very few chances of interacting.  One exception, however, is in developing 

muscle [166, 170, 171].  The 6 integrin subunit has a much broader expression 

distribution and appears to be specific for members of the laminin family, with the 

exception perhaps of fertilin, a member of the ADAM family [172-174].  The 6 integrin 

subunit is detected in many cell type thoughout development as different splice variants 

associated with either the 1 or 4 integrin subunit.  The 61 integrins are often 

associated with focal adhesion complexes, while 64 integrins are found in 

hemidesmosomes [175].  Integrin 6 knockouts were perinatal lethal due to defects in 

epithelial formation, loss of dermal-epidermal adhesion, and subsequent skin blistering 

[176], as well as central nervous system defects [177].  However, the expected defects 

in many tissues, such as the kidney and lung, never manifested [176, 178-180].   

 

Dystroglycan 

The dystroglycan (DG) gene encodes for both alpha-dystroglycan (DG) and beta-

dystroglycan (DG), which are derived by posttranslational cleavage of a precursor 

polypeptide.  The 43 kDa (241 amino acid) DG is an integral membrane protein, 

whereas, the 156 kDa (623 amino acid) DG is membrane-associated through its 

noncovalent interaction with the extracellular domain of DG [181, 182].  Dystroglycan 

provides a linkage between components of basement membranes and cytoplasmic 

proteins that bind to the actin cytoskeleton [94] and initiate cytoskeletal rearrangements, 

as well as, cell signaling complexes.  DG binds both agrin and perlecan [142, 183, 

184].  It has also been shown that DG present in Schwann cells can bind both agrin 

and Lm-211 [185], as well as Lm-111.  Utrophin colocalizes with agrin induced AcChR 
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clusters through binding to DG [186].  Furthermore, the structural integrity of the 

sarcolemma, in both skeletal and cardiac muscle, depends not only upon binding of the 

cytoplasmic protein dystrophin to both actin and the cytoplasmic tail of DG, but also, 

binding of DG to laminin-211 in the basal lamina. 

 Carbohydrates contained within the "neck" region of the DG subunit are 

required [165, 187, 188] for binding to specific basic residues within the LG4 domain of 

the 1 laminin chain [165, 189, 190].  DAG mutations are a source of several autosomal 

recessive muscular dystrophies [191, 192].  Furthermore, defective glycosylation of DG 

is also the cause of several muscular dystrophies, including: Fukuyama congenital 

muscular dystrophy (FCMD), due to a deficiency of fukutin (FKTN) [193] or fukutin-

related protein (FKRP) [194], and both muscle-eye-brain disease and FCMD caused by 

defective LARGE, a putative glycosyl transferase [195, 196]. 

 Homozygous deletion of the gene encoding dystroglycan is peri-implantation 

lethal at around day 6.5 of gestation due to disruption of the extra-embryonic Reichert 

membrane [197].  Williamson et al., [197] also demonstrated the co-localization of 

laminin and type IV collagen was disrupted in the homozygous nulls.  In chimeric mice 

devoid of DG [198], the BM and laminin deposition in muscles appears unaffected, 

leading to the conclusion that DG is required for myofiber survival and synapse 

differentiation and stability, but not BM formation on muscle cells.  Henry and Campbell 

[199], on the other hand, incorrectly concluded that the DG missing in DAG-1 null 

embryonic stem cells was required for basement membrane formation in embryoid 

bodies.  Furthermore, DG is widely expressed in early development of many tissues 

where it may play several diverse roles [200], however, they will not be discussed. 
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Heparin, heparan sulfate, and other sulfated glycans 

Heparin and heparan sulfates (HS) are present in cell membranes and on several cell 

surface proteoglycans.  They can bind both the N-terminal LN domain and C-terminal G 

domain of the 1 laminin chain [69, 160, 201-205].  Furthermore, heparin binding sites 

are often found in the same general vicinity as the integrin binding sites on laminin.  

There are several heparin sulfate proteoglycan (HSPG) molecules present in basement 

membranes as either extracellular matrix components or cellular receptors, including: 

agrin, perlecan, syndecan and glypican.  In addition there is also bamacan, a chondroitin 

sulfate proteoglycan, known to be another anionic component of the basement 

membrane. 

 

HNK-1 

The HNK-1 carbohydrate epitopte (CD57), HSO3-3GlcA1-3Gal1-4GlcNAc [179, 180], 

is a sulfated glucuronic acid present on the non-reducing terminus of several glycans 

present on several molecules, including: glycolipids, such as SGGL-1 and SGGL-2 [179, 

181], and glycoproteins, such as the cell adhesion molecules (CAMs) NCAM (neural cell 

adhesion molecule), telencephalin, tenascin-R,  L1, MAG (myelin-associated 

glycoprotein), TAG-1, P0, and others [182-187].  The HNK-1 epitope has been shown to 

be involved in the functioning of these molecules in cell adhesion, migration, and neurite 

outgrowth [188-190].   

 The HNK-1 epitope is spatially and temporally regulated in the developing nervous 

system [191, 192], where it is specifically associated with migrating neural crest cells 

[193], neuron-glial cell adhesion [194], astrocyte migration and outgrowth of processes 

[189], and neurite outgrowth from motor neurons [195].  Several HNK-1 carbohydrate 

binding proteins have been identified, including: laminin, L- and P-selectins, SBP-1, and 
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brevican [196, 197].  The HNK-1 epitope has been shown to bind the laminin 1 LG2 

domain, furthermore, the binding is completely eliminated by desulfation of the HNK-1 

epitope [64].   

 

Syndecans 

The syndecans are a transmembrane heparan sulfate/chondroitin sulfate proteoglycan 

family that contains four members:  the 33 KDa syndecan-1 (syndecan-1), the 23 KDa 

syndecan-2 (fibroglycan), the 43 KDa syndecan-3 (N-syndecan), and the 22 KDa 

syndecan-4 (ryudocan, amphyglycan) [198, 199].  Each syndecan is composed of a 

short cytoplasmic domain, a single span transmembrane domain, and an extracellular 

domain with attachment sites for three to five heparan sulfate (HS) and chondroitin 

sulfate (CS) chains.  Syndecans differentially possess both HS and CS 

glycosaminoglycan (GAG) chains based upon their temporal and spatial expression due 

to specific post translational modifications.  The HS chains interact with a large number 

of proteins, including: FGFs, VEGFs, and transforming growth factor-B (TGF-B) leading 

to cell signaling activation events [199].  The CS chains may cooperate with the HS 

chains in binding the HS binding growth factors, pleitrophin and midkine [200, 201], as 

well as laminin [202-204]. 

 Syndecan-1 interacts with the LG4 domain of 1 laminin and the LG4-5 domain 

of 3 laminin [202, 204], as well as intracellular microfilaments through its cytoplasmic 

tail, whereas, syndecan-4's cytoplasmic tail binds several focal adhesion molecules and 

is required for activation of several kinases, including focal adhesion kinase (FAK) [205-

207].  Both syndecan-1 [208] and syndecan-2 may be involved in ephrin signaling.  

Ephrin-Eph signaling induces clustering of syndecan-2 and recruitment of several 

cytoplasmic molecules, which then leads via the Arp2/3 complex, Rho family GTPases, 
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and N-Wiscott-Aldrich syndrome protein, to localized polymerization of intracellular actin 

[209].  Ezrin provides a link between syndecan-2, via its cytoplasmic tail, and the actin 

cytoskeleton [210-212].  Syndecan-3 is involved in the development and differentiation of 

skeletal muscle, as well as regeneration [213-216].  In Schwann cells, syndecan-3 binds 

the N-terminal domain of Type V collagen (4 chain), leading to actin assembly and 

activation of the Erk1/Erk2 protein kinases [217].  Syndecan-4 has been the most 

studied syndecan due to it's interactions with FGF2 and 1 integrin.  Syndecan-4 also 

binds fibronectin and together they create a complex with integrin and initiate cell 

signaling events to induce cytoskeletal rearrangements [218, 219]. 

 Furthermore, syndecan-1, -2, and -4 appear to affect, not only, other molecules’, 

but also, each others’ recruitment into raft structures [220-222].  For example, during cell 

migration, syndecan-1, syndecan-4, and caveolin-1 condense to the same region of the 

moving cell [223-225] but do not co-localize [220].  Furthermore, internalization of 

caveolae requires Src and PKC activation [226], both of which can be activated by 

interaction with syndecan-4 [211, 227, 228]. 

 

Glypicans 

The glypican family is composed of six cell surface HSPG members:  the 64 KDa 

glypican-1 (glypican), the 57 KDa glypican-2 (cerebroglycan), the 69 KDa glypican-3 

(OCI-5), the 57KDa glypican-4 (-glypican), and the 84 KDa glypican-5 (GCP5) [229-

231].  Glypicans are composed of an extracellular region which contains varied GAG 

attachment sites and 14 conserved Cys residues which stabilize a highly compact 

tertiary structure connected to a C-terminal glycosylphosphatidylinositol (GPI) anchor.  

Glypican family members are differentially expressed on different cell types and are 

normally targeted to apical surfaces. 



23 

 

Sulfatide and other sulfated glycolipids 

Sulfatides, such as galactosyl-3'-sulfate ceramide, are acidic glycosphingolipids 

containing sulfate esters on their oligosaccharide chains.  In mammals, sulfatides are 

ubiquitously expressed at low levels, but are present in high levels primarily in nervous 

tissue, kidney, testis, erythrocytes, platelets, and granulocytes.  Sulfatide is found in the 

outer layer of the lipid bilayer in the cell membrane of Schwann cells and is found in vivo 

adjacent to BMs in peripheral nerve where it may provide anchorage for Lm-111 and 

Lm-211 through binding to the C-terminal LG4-5 domains of the 1 and 2 chains.  

Furthermore, sulfatides interact with a variety of cell adhesion molecules involved in 

hemostasis, such as von Willebrand factor, thrombospondin, and selectins, as well as 

laminin.  In addition, it has been shown that sulfatides are one of the major lipids in 

serum and activate plasma coagulation factor XII.  Sulfatide is also bound by several 

other proteins besides the 1 and 2 laminin chains; including midkine and perlecan. 

 

 

Section IIC. Extracellular matrix genes and their related diseases. 

 Defects of laminins and other genes which encode molecules which comprise 

extracellular matrices and basement membranes are associated with several diseases 

(figure 8).  For instance, several laminin chains have been shown to play a role in the 

pathogenesis of severe blistering diseases such as Herlitz junctional epidermolysis 

bullosa (JEB; Lm-332: 3, 3, and 2) and muscular dystrophies (2). JEB is 

characterized by the detachment of the squamous epithelium from the dermis.  Also, 

certain forms of muscular dystrophy are due to mutations of the 2 laminin chain. Figure 

1 diagrams the complex of the dystrophin associated glycoproteins and their linkages to 

the cytoskeleton and the extracellular matrix.  In skeletal muscle, dystrophin, a 
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subplasma membrane protein, interacts with actin at its N-terminus and with 

dystroglycan at its cysteine rich domain near the C-terminus.  Dystroglycan forms an 

integral component with the sarcolemmal complex of adhalin and other dystrophin 

associated glycoproteins (DAGs).  The alpha subunit of dystroglycan, DG, is also a 

laminin-receptor which binds to several sites in the G-domain (LG1-5) of the 2 chain of 

Lm-211, as well as the LG4 domain of the 1 chain of Lm-111.  This complex of proteins 

is thought to stabilize the muscle cell membrane during contraction and abnormalities in 

this linkage complex are thought to predispose muscle cells to necrosis.  Furthermore, 

the well known animal model of muscular dystrophy, the dystrophic mouse (the dy 

mouse), develops a severe muscular dystrophy in which the BM of both skeletal and 

cardiac muscle and peripheral nerve cells lack 2 laminin. It appears that mutations in 

this Lm chain are responsible for the muscle abnormalities present in these mice.  

 

 

Section IID. The resulting phenotype observed from targeted deletion of ECM 

and BM proteins, as well as their receptors.  

 Targeted deletion (knockouts) of basement membrane components and their 

receptors in mice, often mimic the disease states observed due to mutation of the 

targeted gene (figure 9).  Deletion of laminin 1, laminin 1, integrin 1, dystroglycan, 

and EXT-1 all lead to early embryonic lethality due to basement membrane formation 

and differentiation failures, whereas, mutation of laminin 5, nidogen-1+2, deletion of the 

nidogen binding site, III4, in 1 laminin, type IV collagen (1, 2), and perlecan are lethal 

due to failures of organogenesis.  Furthermore, mutation of laminin 2, laminin 3, 

laminin 4, type IV collagen 3, and carbohydrate linkages of dystroglycan which 

interefere with its binding to laminin, perlecan, and agrin result in phenotypes which 
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mimic disease states and allow for survival past birth.  An examination of the phenotypes 

of the null states that were early embryonic lethal and whose gene product was normally 

present in BMs, suggest a critical role or requirement of laminin-111, integrin 1, and 

dystroglycan in early embryogenesis and basement membrane formation.  

 

 

Section IIE. Laminins and early embryonic development. 

Durring embryogenesis, basement membranes first appear shortly before implantation  

(figure 10A).  After implantation the inner cell mass (ICM) of the blastocyst gives rise to 

two endodermal cell layers: the visceral and parietal endoderm.  BM accumulates 

underneath the two endodermal layers; between both the visceral endoderm and ICM 

and the parietal endoderm and the trophectoderm.  The ICM then undergoes apoptosis, 

clearing a cavity which will eventually develop into the pro-amniotic cavity.  Concurrently, 

a layer of surviving cells from the ICM which are adjacent to the BM zone will 

differentiate forming a layer of elongated epithelium.  This layer of epiblasts will 

eventually give rise to all three primitive germ cell lines from which all cells present in the 

adult mammalian organism are derived [232-235]. 

 The development of the epithelial layer during embryogenesis requires formation 

of a BM [70, 236, 237].  Of the multitude of extracellular matrix components only seven 

have been shown to be present during early embryogenesis: laminin-111, laminin-511, 

nidogen-1, nidogen-2, collagen IV (1,2), perlecan, and agrin.  These matrix proteins 

appear prior to implantation or shortly after formation of the first embryonic epithelial 

layers [238].  Early embryogenesis requires laminin-111 as demonstrated by the 

knockouts of each of the laminin chains which comprised laminin-111:  1 [17, 239, 

240], 1 [241], and 1 [242], all of which demonstrated day E5.5 lethality. 
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 This in vivo phenomenon can be modeled with embryonic stem cells cultured to 

form embroid bodies, which recapitulate/mimic many of the processes of embryogenesis 

just discussed.  Dispersed stem cells can be cultered to aggregate and condense; 

forming an ICM (figure 10B).  The ICM will then differentiate to form an outer 

endodermal cell layer, under which a BM will form.  The ICM will undergo apoptosis, 

cavitation (eventually leading to the formation of a large central cavity), and further 

differentiation to form a polarized epiblast layer between the ICM and the BM on the 

basal side of the outer endodermal cell layer.  Embryoid bodies derived from null 

embryonic stem cell lines which fail to produce laminin-111 also fail to produce a BM, 

differentiate to form an epiblast layer, or cavitate [31, 70, 240-242].  The targeted gene 

deletion of other BM components do not affect early embryogenesis and lead to death 

only at midgestation stages or have no effect upon embryogenesis at all (figure 9).   

 Embryonic development requires basement membrane formation which requires 

laminin.  The early stages of development can be modeled through the use of embryonic 

stem cells to form embryoid bodies.  Just as in vivo, basement membrane formation is 

an integral part of this process and requires laminin.  As work done in our laboratory and 

others has shown, neither 1 integrin nor DG are directly required for basement 

membrane formation, however, laminin-111 is and requires both its polymerization 

activity, through the N-terminal LN domains of its consituent chains, and its anchorage 

activity, through 1 LG4. 
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Section IIE1. The role of Lm-111 in dystroglycan null ES cell differentiation, BM 

formation, and EB formation. 

Contrary to previous published work [170, 172], DG null ES cell lines in our laboratory 

spontaneously, i.e. without addition of exogeneous Lm-111, formed EBs, developed an 

outer endodermal layer, formed a BM underneath this outer endodermal layer, 

underwent further differentiation and developed a polarized and elongated epiblast layer 

underneath the newly formed BM layer, and the inner cell mass underwent apoptosis, 

developing a large centeral cavity (most of this work was performed by Dr. Shaohua Li) 

[70].  By day 5 of culturing, most DG null EBs possessed a BM containing Lm-111, type 

IV collagen, nidogen, and perlecan.  By day 7, many EBs possessed an unusually thick 

BM and completely lost their epiblast layer via apoptotic degradation by day 9.  Both light 

microscopy of methylene blue stained sections and electron microscopy of developing 

DG null embryoid bodies revealed the development of an unusually thick BM between 

the endodermal and epiblast layer.  IP/Westerns of DG null EBs demonstrated an 

overexpression of Lm-111, nidogen, and type IV collagen by day 7 when compared to 

media and lysates of WT EBs, however, 1 integrin expression was not increased.   

 

 

Section IIE2. The role of Lm-111 in 1 integrin null ES cell differentiation, BM 

formation, and EB formation. 

With the addition of exogeneous Lm-111, both 1 integrin and 1 laminin null EBs were 

able to overcome their differentiation blockage, form a BM layer on the basal side of a 

well defined and differentiated outer endodermal layer, further differentiate to form a 

distinctive second cell layer consisting of a polarized pseudo-stratified columnar epiblast 

layer interior to this BM, and cavitate to form a sharply demarcated central cavity.  Phase 
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contrast and methylene blue stained light microscopy of 1 integrin null EBs clearly 

showed that EBs “rescued” with the addition of exogeneous Lm-111 develop an outer 

endodermal layer of cells, a BM on the basal side of the endodermal layer, an elongated 

epithelial layer, and a central cavity, whereas, without the addition of exogeneous Lm-

111, the 1 integrin null ES cells failed to reach these stages of development.  A BM was 

clearly observable in the EM photographs of WT and 1 null rescued EBs, and absent in 

non-rescued EBs.  Immuno-flourescent microscopy of 1 integrin null EBs revealed the 

co-localization, accumulation, and deposition of the ECM proteins: Lm-111, type IV 

collagen, nidogen, and perlecan; in a clear BM pattern between the outer endodermal 

and inner epiblast layer of “rescued” 1 integrin null EBs and not in EBs in which 

exogeneous Lm-111 was not added.  

 WT and 1 integrin null EBs were examined for expression and accumulation of BM 

components.  Conditioned media and cell lysates from EBs were evaluated directly in 

Westerns or first immunoprecipitated (IP) then analyzed via Westerns.  An antibody 

specific to LG4-5 of 1 laminin (rG50) detected no 1 laminin secreted by the 1-/- EBs, 

however, antibodies to Lm-111, the LN of 1 laminin (anti-E4), and the 1 laminin chain 

did detect both 1 and 1 laminin chains within the EBs but no expressed 1 chain.  No 

laminin 1 expression was detectable in either the conditioned medium or EB cell 

lysates of the 1-integrin null line.   Both nidogen and type IV collagen were expressed 

and secreted into the medium of the 1-integrin null line, however, they did not 

accumulate on or in the EBs.   Furthermore, despite the presence of 1 and 6 integrin 

in the BM zone of differentiated WT EBs, 6 integrin was not expressed and remained 

absent from the BM even during rescue of the 1 integrin null EBs via addition of 

exogeneous Lm-111 and subsequent differentiation and BM formation [70]. 

  



29 

 

Section IIE3. The role of Lm-111 in 1 laminin null ES cell differentiation, BM 

formation, and EB formation. 

Without the addition of exogeneous Lm-111, 1 laminin null EBs are unable to form a BM 

layer, epiblast layer, or cavitate.  These developmental stages can be reached by 1 

laminin null EBs if exogeneous Lm-111 is supplied.  The production and accumulation of 

BM components of 1 laminin null EBs was investigated by Dr. Shaohua Li [70] and 

compared to WT, 1 integrin, and DG null EBs.  The 1 null EB and 1 integrin null EBs 

did not produce Lm-111.  Eventhough both did produce the 1 and 1 laminin chains of 

Lm-111, neither expressed the 1 chain, whereas, WT and DG null EBs both produced 

and accumulated Lm-111.  DG null EBs also overexpressed and accumulated more Lm-

111 than WT EBs.  Similarly, both 1 laminin null and 1 integrin null EBs produced and 

secreated nidogen, however, they did not retain appreciable levels within the EBs.  WT 

and DG null EBs both produced and retained nidogen.  Again, DG null EBs 

overexpressed and retained nidogen and despite not retaining the nidogen to 

appreciable levels, 1 laminin null EBs also overexpressed nidogen.  EBs derived from 

all four ES cell lines expressed type IV collagen, with the 1 laminin null and 1 integrin 

null EBs unable to retain much of it and the DG null line overexpressing it. 

  No 1 integrin, as expected, was detectable in the 1 integrin null EBs and was 

present in WT, 1 laminin null, and DG null EBs.  However, there was a noticeable 

decrease of 1 integrin expression in the 1 laminin null EBs.  Both 1 integrin and 1 

laminin null EBs overexpressed DG.  The expression of DG in 1 integrin null EBs was 

much higher than in 1 null EBs, however, upon addition of exogeneous Lm-111 the 

expression of DG increased in 1 null EBs and decreased in 1 laminin null EBs.  

Furthermore, neither null EB line demonstrated altered DG expression when exposed to 

exogeneous AEBSF treated, polymerization incompetent, Lm-111 [70].  
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 Without the addition of specific exogeneous laminins, 1 laminin null EBs will not 

differentiate, form a BM, undergo epiblast differentiation, or cavitate.  The exogeneous 

addition of either Lm-211 (211) or a Lm-211(211)/Lm-221(221) mixture were 

able to rescue some of the 1 laminin null EBs, however, at only about half the BM 

formation efficiency of Lm-111 (111); 37% and 40% versus 74% respectively.  

Furthermore, the percentage of EBs with epiblast differentiation dropped from 45% for 

Lm-111 to 9% for Lm-211/Lm-221 and 20% for Lm-221.  The addition of either Lm-332 

(3A32) or Lm-411 (411) resulted in neither BM formation nor epiblast 

differentiation.  Furthermore, both immunohistochemical and electron microscopy of 1 

laminin null EBs rescued with the addition of various exogeneous recombinant 

heterotrimeric laminins, revealed BM formation and epiblast differentiation in only those 

EBs grown in the prescence of recombinant laminins with both intact polymerization and 

LG4-5 anchorage activities. 

   

 

Section IIF. The role of laminin in the peripheral and central nervous systems. 

Several laminin receptors exist in the developing peripheral nervous system (PNS), 

where laminins have been shown to be required for attachment, migration, 

differentiation, and cell survival [243].  Laminin deficient Schwann cells exhibit defects in 

cell survival, proliferation, and myelination [244-248].  The laminin receptor 1 integrin is 

required for normal radial sorting of axons and Schwann cells.  Another, laminin 

receptor, DG is necessary for proper myelination in the PNS.  DG null mice [249] 

posses Schwann cells in which the majority are capable of radial sorting of axons and 

myelination; however, they demonstrate abnormalities in myelin ensheathment and 

organization of the nodes of Ranvier that cause myelin instability and a resulting 
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neuropathy.  The laminin 2 deficient PNS phenotype mirrors the loss of both integrin 

and dystroglycan signaling, whereby each receptor plays a distinct role in the different 

stages of myelination.     

 There are at least eight murine Src family nonreceptor tyrosine kinases (SFKs) 

known:  Src, Yes, and Fyn are expressed ubiquitously; Hck, Fgr, Blk, and Lck are 

restricted to hematopoetic cell lineages; and Lyn is expressed in hematopoetic and 

neruonal tissues.  Targeted gene deletion of Src, Fyn, and Yes, either individually or in 

combinations, lead to perinatal death or postnatal defects in specific cell types.  The 

frequency of lethality and severity of defects is increased in mice harboring compound 

mutations, suggesting redundancy of biological functions of the SFKs during 

development.  It is well known, that Src, Yes, and Fyn promote normal development, 

proliferation, and gene expression, as well as extracellular matrix promoted adhesion, 

spreading, migration, and protection from apoptosis; executing various cell signaling 

cascades initiated by activation of cell surface receptors.  For instance, adherence of 

cells to extracellular matrix proteins, results in the tyrosine phosphorylation of several 

focal adhesion proteins, including: FAK (focal adhesion kinase: FAK- pTyr125).  Potential 

SFK members responsible for phosphorylation of FAK include Fyn and Src.  

Furthernore, FAK-integrin associations driven by extracellular matrix protein interaction 

with integrin have been demonstrated to interact with Src and Fyn.  Upon 

phosphorylation FAK functions to direct phosphorylation of other cellular substrates by 

recruitment of Src kinases. 

 The question arises, not just whether or not the myelinating glia of the central 

nervous system (CNS), oligodendrocytes, use the same receptors, but also, if Lm-211 

plays the same role and through the same mechanisms as in the Schwann cells of the 

PNS.  In the CNS, myelination of axons occurs after oligodendrocyte progenitors 

undergo terminal differentiation and initiate process formation and axonal ensheathment.  
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Oligodendrocyte-neuron contact initiates this process and the appearance of several 

tyrosine phosphorylated proteins which are only found in the differentiated cells.  The 

required increased tyrosine kinase activity is due to Fyn, as the other SFK family 

members are not active in oligodendrocytes.  Early in oligodendrocyte differentiation 

SFK Lyn drives V3 integrin dependent progenitor proliferation through PDGFR.  Fyn 

is maintained in an inactive state by Csk phosphorylation of Fyn’s inhibitory C-terminal 

Tyr531.  However, at later stages in differentiation, after axonal contact and ligation of the 

61 integrin by the laminin 2 chain expressed in myelinating axon tracts, Lyn 

dissociates from the integrin growth factor complex, resulting in Csk downregulation, and 

reduced Fyn phosphorylation at Tyr531, thereby promoting Fyn activity.  The active Fyn-

61 integrin complex can then trigger PI3K signaling through the PDGFR receptor 

promoting cell survival and trigger MAPK signaling through the ErbB2/4 receptor 

enhancing survival and promoting differentiation and myelination.  Hence the change in 

extracellular matrix proteins and the integrins they engage, can affect a response 

change in oligodendrocytes from proliferation to differentiation and myelin formation.  

 With the aid of some of our reagents, Colognato et. al, [243] were able to 

demonstrate that similar to Schwann cells in the PNS, oligodendrocytes of the CNS 

express both 61 integrin and DG, DG appears to mediate interactions between 

laminin and oligodendrocytes, and DG plays a role in laminin regulated oligodendrocyte 

survival and differentiation.  Just as in the PNS, different laminin receptors are required 

at different developmental stages and laminin-integrin interactions amplify the survival 

effects of soluble growth factors, whereas, laminin-DG interactions contribute to 

differentiation and myelin membrane formation [243].    

 

  



33 

 

Section IIF1. Src activation and downstream cell signaling events induced in 

Schwann cells by the addition of exogenous Lm-111. 

Dr. Shaohua Li [71] performed a series of experiments examining the induction of 

phosphorylation and activation of Src and FAK in Schwann cells due to the addition of 

exogeneous Lm-111.  Phosphorylation of Tyr416 of Src was detected within 15 minutes of 

the addition of exogeneous Lm-111 to cultured SCs.  The activation of Src peaked by 30 

to 60 minutes.  Furthermore, the disperse intracellular Src was observed to condense 

with the condensing Lm-111 and pSrc (Src-pY416) accumulated in the nucleus.  Another 

Src family member, Fyn, which the Src activation antibody also recognizes, was also 

activated by Lm-111 treatment. 

 Cultured Schwann cells treated with arylsulfatase, failed to accumulate exogeneous 

Lm-111 and did not induce Src activation.  Therefore, sulfatide must be required for Src 

activation and/or at least for its ability to anchor Lm-111 to the cell surface.  Furthermore, 

Schwann cell detergent lysates immunoprecipitated with DG antibody, followed by 

immunoblotting with cSrc antibody, revealed that Src was associated with the DG 

complex irregardless of whether or not Lm-111 was added to the Schwann cells nor did 

the level of cSrc associated with DG change in the prescence or abscence of 

exogeneous Lm-111.  Concurrent addition of DG antibody IIH6, which blocks DG’s 

ability to bind to Lm-111, severly reduced the Src phosphorylation otherwise observed 

upon addition of exogeneous Lm-111.  Conversly, treatment of SCs with 1 integrin 

antibody, Ha2/5, that blocks 1 integrin’s ability to bind Lm-111 treatment, did not block 

exogeneous Lm-111 induced Src phosphorylation. 

 Schwann cells were incubated with Lm-111 in the prescence of excess Lm-111 

elastase digest fragments and recombinant 1LG4-5s.  Lm-111 polymerization inhibiting 

fragment E1’ blocked Src activation as did recombinant 1LG4-5/WTNf but not a mutant 
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recombinant 1LG4-5, 1LG4-5/KRK2793, which demonstrated reduced sulfatide and 

DG binding affinity, nor fragment E8, site of Lm-111's 6 integrin binding activity.  Src 

activation in Schwann cells in response to the addition of exogeneous laminin-111 was 

inhibited by inhibitors of either laminin polymerization or laminin 1 LG4 dependent 

anchorage.  

 A similar study was performed on Schwann cells grown in suspension cultures in 

order to further examine the potential roles of 1 integrin and FAK activation, as well as 

Src signalling.  Schwann cells grown in suspension formed spherical cell aggregates.  

When the suspended Schwann cell clusters were treated with Lm-111, Src 

phosphorylation was observed even in the prescence of concurrent treatment with 1 

integrin blocking antibody, however, laminin-DG blocking antibody, IIH6, effectively 

blocked Src phosphorylation. 

 

 

Section IIF2. FAK activation induced in Schwann cells by the addition of 

exogenous Lm-111. 

The analysis of adherent Schwann cells revealed that there was no colocalization of Lm-

111 with 1 integrin and that Lm-111 anchorage and resulting BM formation could occur 

in the absence of 1 integrin [71].  In developing peripheral nerves, 1 integrin and Lm-

111 do colocalize [250, 251], however, analysis of Schwann cells adherent to solid 

phase substrates (tissue culture plastic and treated glass) may have resulted in most of 

the 1 integrin being recruited to the basal side of the cells, leaving little if any to interact 

on the exposed apical cell surface.  Therefore, Schwann cells were grown in suspension 

culture where they formed spherical cell aggregates [71].  When exogeneous Lm-111 

was added to the medium, it was observed to accumulate between the cells of the 
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cluster and colocalized with 1 integrin.  Furthermore, incubation overnight with 

exogeneous Lm-111 also induced FAK phoshphorylation, whereas, adherrent confluent 

monolayers of cultured Schwann cells demonstrated a constitutively high basal level of 

FAK phosphorylation, obscuring any potential Lm-111 induction. 

 

 

Section IIG. Laminin binding to mouse embryonic fibroblasts and their response. 

Despite being “factories” for the production of many extracellular matrix components in 

vivo,  the same ECM components rarely accumulate on the surface of the fibroblasts 

producing them nor do basement membranes form on the cell surfaces of these cells.  

Therefore, these cells must by necessity be devoid of some of the receptors and 

anchors which these components would normally bind to.  It was the abscence of certain 

of these recptors/anchors which our laboratory hoped to take advantage of.  

 

 

Section IIG1. Lm-111 induced cell signalling in MEFs. 

Sulfatide loaded MEFs were examined by Dr. Shaohua Li [71] for Src tyrosine 

phosphorylation activation in response to the addition of exogeneous Lm-111.  

Phosphorylation of amino acid residue Tyr416 on Src was observed 15 minutes after 

addition of exogeneous Lm-111 and peaked at 1 hour only if the MEFs were first loaded 

with sulfatide.  No phosphorylation event was observed if the MEFs were not loaded with 

sulfatide prior to the addition of exogeneous Lm-111.  Sulfatide loaded MEF Src 

activation in response to Laminin-111 was also inhibited by inhibitors of either laminin 

polymerization, fragment E1’, or laminin anchorage through LG4, either through us of 

recombinant 1LG4-5/WTNf  or antibody IIH6 which blocks laminin-111 binding to DG.  
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Inhibition of laminin-111 binding to 1 integrins, through fragment E8 or laminin-111-1 

integrin blocking antibody Ha2/5, had no effect upon Src phosphorylation.  

 In order to further evaluate the role of DG and 1 integrin mediated activation of Src 

by exogeneous Lm-111, differentiated fibroblasts were isolated and cultured from 

embryonic stem cell lines null for either DG or 1 integrin and compared to fibroblasts 

derived from WT ES cells or ones which had been transfected with a construct to enable 

constitutive expression of 1 integrin (1AGD25 cells).  All cells were loaded with 

sulfatide and incubated with Lm-111.  A dramatic increase in phosphorylation of Src-

Tyr416 was observed in WT ES, 1 integrin null, and 1 integrin expressing ES derived 

fibroblasts but not DG null derived fibroblasts.  Therefore, it is likely that the Src 

activation by laminin-111 is primarily through DG and not dependent upon 1 integrin, 

since:  exogeneous Lm-111 induced Src activation in the 1 integrin null fibroblasts, the 

1 integrin blocking antibody was unable to inhibit Lm-111 induced Src activation, and 

1 integrin did not colocalize with Lm-111 staining nor affect its ability to activate Src 

when absent.  Whereas, DG null fibroblasts did bind Lm-111 once loaded with sulfatide 

but failed to activate Src and the DG-laminin blocking antibody IIH6 did inhibit Src 

phosphorylation [71].  

 Caveolin-1 was also phosphorylated in much the same sulfatide/laminin-111/time 

dependant manner as Src.  In MEFs first loaded with sulfatide and then incubated with 

Lm-111, phosphorylation of Tyr14 of caveolin-1 was observed starting at 15 minutes and 

peaking at 60 minutes post addition of laminin-111.  This phosphorylation was not 

observed without sulfatide loading and was inhibited when the MEFs were concurrently 

treated with either of two structurally different Src kinase inhibitors, PP2 or SU6656.  

This data suggested that caveolin-1 is a potential downstream target in the laminin-111 

induced Src signaling cascade.    
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 My analysis of adherent MEFs revealed that there was no colocalization of Lm-111 

with 1 integrin and that Lm-111 anchorage and resulting BM formation could occur in 

the absence of 1 integrin as long as the cells were first loaded with sulfatide.  In 

developing peripheral nerves 1 integrin and Lm-111 do colocalize [250, 251], however, 

analysis of MEFs adherent to solid phase substrates (tissue culture plastic and treated 

glass) may have resulted in most of the integrin being recuited to the basal side of the 

cells, leaving little if any to interact with exogeneous laminin on the exposed apical cell 

surface.  Furthermore, adherent MEF cultures expressed constitutively high basal levels 

of phosphorylated FAK.  Therefore, both MEFs null for 1 integrin (DG25) and 

transfected with a construct that expressed 1 integrin (1AGD25) were first treated with 

sulfatide and then grown in suspension culture where they formed spherical cell 

aggregates [71].  When exogeneous Lm-111 was added to the medium, it was observed 

to accumulate mostly on the surface of the outer layer of cells belonging to the cluster.  

There was no observable difference in phosphorylated FAK levels of 1 integrin null 

(GD25) cells, whether or not Lm-111 was added, however, there was a threefold 

increase in phosphorylation of FAK in 1 integrin expressing  (1AGD25) fibroblast cell 

clusters if exogenous Lm-111 was supplied.  
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Chapter 2.  Materials and Methods 

Selection of the promoter for 1LG4-5 and other recombinant laminin expression 

constructs. 

Three different expression constructs were made by first cloning mouse 1 LG4-5 into 

the expression construct pRCX3 (supplied by Billy Hudson at Vanderbilt University) to 

generate m1LG4-5/WT-pRCX3Nf, then replacing the CMV (cytomegalovirus) promoter 

of m1LG4-5/WT-pRCX3 with either the RSV (rous sarcoma virus) promoter to generate 

m1LG4-5/WT-RSVNf or the mouse 1 Lm promoter to generate m1LG4-5/WT-m1Nf 

(see “constructs” section of “Materials and Methods” for details on the construction of the 

constructs) (figure 13A and B).  The “Nf” on the end of the contruct designation signifies 

that the expressed recombinant protein contains an N-terminal (“N”) FLAG (“f”) epitope 

tag.  The plasmids were linearized with Sca I (NEB), transfected into the HEK 293 cell 

line with Lipofectamine 2000 (Invitrogen), and 12 stable clones from each construct 

isolated.  The cells were grown in media containing: 1X DMEM (Invitrogen) + 10% Fetal 

Bovine Serum (FBS; Atlanta Biologicals) + 1X P/S (1,000 u/ml Prenicillin and 1,000ug/ml 

Streptomycin; Invitrogen) + 500 ug/ml G418 (Sigma-Aldrich).  Media from cells were 

harvested, the cells from the dish isolated, and a portion of the media from each clone, 

normalized based upon cell number, solubilized in Laemmli sample buffer (LSB) and 

reduced with -mercaptoethanol and boiling, then loaded and run on a 6-12% gradient 

SDS-PAGE gels.  Proteins were either stained with Coomassie Brilliant Blue R-250 for 

direct visualization or blotted onto PVDF membranes (BioRad) using a BioRad 

electroblotter for Western detection.  Bound protein was detected with either rabbit anti-

mouse 1LG4-5 polyclonal antibody rG50 and a secondary HRP-linked goat anti-rabitt 

IgG or with the monoclonal HRP linked FLAG M2 antibody from Sigma-Aldrich, specific 

for the FLAG epitope present on each of the expressed 1LG4-5s.  Autoradiographs 
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were scanned and band intensity correlating to expression level of recombinant 1LG4-

5s determined by imaging with a BioRad Gel Doc 2000, analyzed, and quantitated with 

Quantity One software (BioRad). 

 

Selection of 5’UTR  for recombinant 1LG4-5 constructs. 

A total of nine different expression constructs  were created, each, containing the mouse 

laminin 1 LG4-5 WT coding sequence, with an N-terminal FLAG tag, and a BM40 

signal sequence.  The constructs are: 1LG4-5/WTNf, 1LG4-5/WT-pRCX3Nf, 1LG4-

5/WTcon2Nf,  1LG4-5/WTh2bNf,  1LG4-5/WTtomm7Nf, 1LG4-5/WTiarsNf, 1LG4-

5/WTfdft1Nf, 1LG4-5/WTube2sNf, and 1LG4-5/WTeif4a1Nf.   The construct designation 

format is as follows: “1LG4-5/WT” describes an expression construct that will produce a 

mouse 1 laminin LG4-5 recombinant protein; “con2” “h2b”, “tomm7”, “iars”, “fdft1”, 

“ube2s, and “eif4a1” represent the 5’ untranslated region (UTR) sequence utilized in the 

expression construct for the expressed recombinant protein (figure 13A, D, and E); and 

the “Nf” on the end of the contruct designation signifies that the expressed recombinant 

protein contains an N-terminal (“N”) FLAG (“f”) epitope tag.  The nine constructs were 

transfected into 293 cells, stable clones isolated, media harvested, and recombinant 

1LG4-5 expression levels compared via FLAG detection of straight media loads 

compensated for by determining the cell number at time of media collection.  

Quantitation and comparison was same as previously stated.  Clones transfected with 

the construct utilizing the “consensus-1” 5’ UTR (construct 1LG4-5/WT) had a 3-4 fold 

higher expression of the recombinant 1LG4-5 than any other construct.   
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Selection of signal sequence for recombinant 1LG4-5 constructs. 

Three signal sequences were examined for secretion of recombinant 1LG4-5.  The 

BM40 signal sequence of 1LG4-5/WT was replaced with either the IG signal 

sequence or the endogeneous mouse 1 laminin signal sequence (figure 13A and C).  

The three constructs 1LG4-5/WTNf,1LG4-5/WT-IGNf, and 1LG4-5/WT-m1Nf, were 

utilized to generate stably transfected cell lines (see “constructs” section of “Materials 

and Methods” for details on the construction of the constructs).  Relative recombinant 

protein expression was determined as described earlier utilizing the N-terminal FLAG 

epitope tag common to all the expressed recombinant 1LG4-5 proteins.  Neural 

network software programs ACN, SignalP, Signal-NN, and SignalP-HMM were used to 

predict signal cleavage points in the recombinant proteins expressed. 

 

Selection of epitope tags for recombinant 1LG4-5 constructs. 

Seven epitope tags were tested on the N-teminus of recombinant 1LG4-5:  FLAG 

(constructs: 1LG4-5/WTNf and m1LG4-5/WT-pRCX3Nf), c-myc (construct: 1LG4-

5/WTNm), c-myc X3 (construct: 1LG4-5/WTNm3), HA (construct: 1LG4-5/WTNh), VSV-G 

(construct: 1LG4-5/WTNv), V5 (construct: 1LG4-5/WTNv5), and protein-C (construct: 

1LG4-5/WTNp) (see “constructs” section of “Materials and Methods” for details on the 

construction of the constructs).  The construct designation format is as follows: “1LG4-

5/WT” describes an expression construct that will produce a mouse 1 laminin LG4-5 

recombinant protein; a terminal “Nf” signifies an N-terminal (“N”) FLAG (“f”)  epitope tag, a 

“Nm” signifies an N-terminal (“N”) myc (“m”) epitope tag, a “Nm3” signifies an N-terminal (“N”) 

triple myc (“m3”) epitope tag, a “Nh” signifies a N-terminal (“N”) HA (“h”) epitope tag, a “Nv” a 

N-terminal (“N”) VSV-G (“v”) epitope tag, a “Nv5” signifies a N-terminal (“N”) V5 (“v5”) 

epitope tag, and a “Np” signifies a N-terminal (“N”) protein-C (“p”) epitope tag on the 
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expressed recombinant protein (figure 15).  Media from stably transfected cell lines were 

tested and the results analyzed as previously discussed.  The epitope specific antibodies 

employed are listed in the “antibody” sub-section of this “Materials and Methods” section. 

 

Designed proteolytic cleavage of epitope tags from recombinant proteins. 

Purified recombinant laminin proteins, E3, and EHS Lm-111 were digested with either 

enterokinase (EK; Invitrogen) or tobacco etch virus protease (TEV; Invitrogen).   

Furthermore, purified recombinant 1LG4-5 proteins with various N-terminal epitope 

tags separated from the 1LG4-5 sequence by an engineered EK cleavage sequence 

were incubated with EK.  Incubations were performed utilizing 1unit of EK (EKMax; 

Invitrogen) per 10ug of 1LG4-5 in 50mM Tris-HCl, pH 7.4, 90mM NaCl, 1mM CaCl2 for 

1 hr. at RT or 4 hrs. at 40C.  EK was left in the reaction or removed via either it’s inability 

to bind heparin or the use of EK-Away resin (Invitrogen) to precipitate it out.  TEV 

incubations were performed in 50mM Tris-HCl, pH8.0, 90mM NaCl, 1 mM EDTA for 1 hr. 

at RT or 4 hrs. at 40C.  Samples were run on SDS-PAGE and analyzed as previously 

described.  

 

Selectable markers and antibiotics. 

“Kill” curves, for determining the optimal antibiotic concentrations for growing transfected 

cell lines in, were generated for five antibiotics in the fibroblast HEK 293 cell line by 

growing the cells in 8 different concentrations of each antibiotic over a period of 3 weeks.   

The optimal concentration at which to use each was determined and then tested on a 

transfected 293 cell line expressing the appropriate selectable marker.  The final 

determination of appropriate antibiotic was: 500ug/ml G418 for  neomycin (Sigma-

Aldrich), 80-100 ug/ml for zeocin (Invitrogen), 5 ug/ml for hygromycin (Sigma-Aldrich), 1 
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ug/ml for puromycin (Sigma-Aldrich), and 5ug/ml for blasticidin (Invitrogen).  A similar 

process was then performed to generate kill curves for eleven unique combinations each 

consisting of three out of the five antibiotics examined.  The triple antibiotic mixtures 

were tested at 100% and 80% of their determined optimal killing concentration.  

 

Expression vectors. 

The recombinant mouse 1LG4-5s were cloned into the neomycin resistance expression 

vector pRCX3 [252] and zeocin resistance expression vector pcDNA3.1/zeo(+) 

(Invitrogen).  Laminin 1 chains were cloned into the hygro resistance expression vector 

pcDNA3.1/hygro(+) (Invitrogen), pRCX3, and puromycin expression vector DHpuro.  

There were no acceptable commercially available puromycin based expression vectors, 

therefore, a unique puromycin based expression vector, DHpuro, was constructed 

(figure 16).  The construct provides for the CMV promoter driven expression of 

recombinant genes placed in a unique MCS which is followed by the bovine growth 

hormone poly adenylation sequence (BGH pA) for high efficiency expression and 

polyadenylation of recombinant mRNA.  The construct also contains the Streptomyces 

alboniger puromycin-N-acetyl-transferase (pac, puromycin, PuroR) gene under the 

control of the SV40 early promoter and followed by the SV40 poly adenylation sequence, 

allowing for simultaneous puromycin resistance selection.  There is also a pBR322 origin 

of replication  and ampicillin resistance gene for propagation and selection in E. coli.  

Human 1 Lm chains were cloned into both pCEP4 and pcDN3.1/zeo(+), while human 

1 Lm chains were cloned into neomycin expression vector pRc/CMV2 (Invitrogen) and 

pcDNA3.1/neo(+) (Invitrogen).  
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Secondary structure prediction, homolgy modeling, refinement of the generated 

predicted three dimensional structure, and selection of amino acid residues to 

analyze in 1LG4-5. 

The amino acid sequences for the laminin chains were assembled in the OMIGA 

software suite of programs, then aligned using either ClustalW [253, 254] hosted by the 

European Bioinformatics Institute (EMBL-EBI) in Cambridge UK, which is part of the 

European Molecular Biology Laboratory (EMBL), or MUSCLE (Multiple Sequence 

Comparison by Log-Expectation) [255, 256] hosted on a server, kindly provided by 

Kimmen Sjolander’s group at UC Berkeley, USA.  The preliminary alignment was then 

outputted in FASTA format [257, 258], imported back into OMIGA for fine tuning of each 

alignment by hand, and then the PHYLIP (PHYLogeny Inference Package) package of 

programs [259, 260] was utilized to generate a phylogenetic tree. 

 Twelve secondary structure programs were used to analyze laminin 1 and 2 via 

the NPS@ (Network Protein Sequence @nalysis) analysis suite (http://npsa-pbil.ibcp.fr/) 

[261].  The NPS@ server was utilized to perform the following secondary structure 

prediction programs:  DPM (Double Prediction Method) [262], DSC (Discrimination of 

protein Secondary structure Class) [263], GOR IV (Garnier Osguthorpe and Robson 4th 

version) [264], HNN (Hierarchical Neural Network) [265], PHD [266, 267], PREDATOR 

[268], SIMPA96 [269, 270], SOPM (Self-Optimized Prediction Method) [271], SOPMA 

(Self-Optimized Prediction Method with Alignment) [272], MLRC (Multivariate Linear 

Regression Combination) [273], GOR I (Garnier Osguthorpe and Robson 1st version) 

[274], and GOR III (Garnier Osguthorpe and Robson 3rd version) [275]. 

 A homology model of mouse 1 LG4-5 was constructed utilizing Swiss-Model, 

Swiss-Pdb Viewer/DeepView  (http://www.expasy.org/spdbv/) [276-279] and  

MODELLER [280].  The generated structure and earlier generated table of sequence 

NPS@
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_server.html
http://www.expasy.org/spdbv/
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secondary characteristics were used along with the aid of CHARMM (Chemistry at 

HARvard Molecular Mechanics; http://www.charmm.org/html) [281, 282], AMBER [283-

287], GROMOS96 [288], ENCAD [289], MEAD (Macroscopic Electrostatics with Atomic 

Detail [290], WHAT IF [291], and WHAT_CHECK [292] to further improve the theoretical 

structure and identify likely amino acid residue candidates for mutational analysis.  

 

Recombinant 1LG4-5 protein production and purification. 

Constructs were linearized with Bgl II and transfected into the human kidney fibroblast 

cell line HEK 293 (ATCC) using Lipofectamine 2000 (Invitrogen).  Stable clones were 

selected for secretion of recombinant 1LG4-5 by growth in DMEM media containing 

either 80-100ug/ml zeocin or 500 ug/ml G418, depending upon the construct utilized.  

Cells were grown in DMEM (Invitrogen) supplemented with 10% FBS (Atlanta 

Biological), 1,000 u/ml penicillin (Invitrogen), 1,000 ug/ml streptomycin (Invitrogen) and 

the appropriate selection antibiotic.  Once cells were 80% confluent the media was 

replaced with fresh media minus antibiotic and then both the cells and media collected 

72 hours later.  The genomic DNA was isolated (GenElute Mammalian Genomic DNA 

Miniprep kit; SIGMA) and sequenced from the cells after media harvesting to verify 

identity of the various recombinant 1LG4-5s.  Collected media was purified at 4oC 

through a gravity column (Econo-Pac Chromatography Columns; Bio-Rad Laboratories) 

packed with FLAG M2 agarose (SIGMA) and eluted with FLAG peptide (SIGMA) in 

90mM NaCl, 1mM CaCl2, 50mM Tris-HCl; pH7.4 at room temperature (TBS50/Ca).  The 

eluted material was then run through a TosoHass heparin 5PW column on a Pharmacia 

AKTA FPLC, where the FLAG peptide was recovered for re-use and the recombinant 

1LG4-5s eluted utilizing a 0-1M NaCl gradient.  The eluted 1LG4-5s were then 

concentrated further and the buffer exchanged at 4oC into TBS50/Ca via centrifugal 
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filtration utilizing Amicon Ultra-15 centrifugal filters (Millipore).  If necessary, especially if 

manipulating small volumes, the recombinant 1LG4-5s were further dialyzed in 2 L of 

the appropriate buffer at 4oC, with 2 buffer changes over two days, utilizing Slide-A-Lyzer 

Dialysis Cassettes (Pierce Biotechnology). 

 De-glycosylation of recombinant 1LG4-5 protein was accomplished with one of two 

different methods: by isolating recombinant 1LG4-5 from the media of stably 

transfected cell lines grown in 2 g/ml tunicamycin (Sigma-Aldrich) for 24 hours or by 

treating 50 g of purified recombinant 1LG4-5 with 1,000 u of PNGase F (N-

glycosidase F [EC 3.5.15.2, N-linked-glycopeptide-(N-acetyl-beta-D-glucosaminyl)-L-

asparigine amidohydrolase]; NEB) in TBS50/Ca for 1 hour at 37ºC.  

 

Proteoyltic cleavage with EK and TEV. 

Laminin-111 purified from EHS tumor, the elastase digest proteolytic fragment E3 from 

the purified laminin-111, recombinant laminin-111, recombinant human 1 laminin chain, 

and recombinant 1LG4-5/WT were incubated at 4oC, RT, and 37oC with varying 

concentrations of Enterokinase (EK; EKMax; Invitrogen) and TEV (Invitrogen) (data not 

shown).  Multiple sets of time and temperature controlled digestion were performed by 

combining 10ul of 2ug/ml Enterokinase (NEB)  or  1ul of 10u/ul TEV (Invitrogen) per 10 

ug of m1LG4-5/WTNf (with N-terminal FLAG tag) and elastase EHS Lm-111 fragment 

E3 protein, and molar equivalents of EHS Lm-111, recombinant mouse Lm-111, and 

purified recombinant human 1 Lm (with N-terminal HA tag) in 50mM Tris-HCl, pH7.4 at 

RT; 150 mM NaCl, 2mM CaCl2 and the samples incubated at 40C, RT, and 37oC. 1/8th  

of the reaction volume was taken at 0 min. x 2, 5 min., 10 min., 30 min., 60 min., 120 

min., 180 min., 8 hr., and 24 hr.  The EK treated samples were incubated with trypsin 

inhibitor agarose (Sigma-Aldrich) and centrifuged to remove the EK.  Samples incubated 
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with TEV were treated with Ni-NTA resin (Invitrogen) in order to remove the TEV by 

binding through its C-terminal His tail.  Supernatants, containing the desired proteins 

were recovered and 4XLSB with 15% -Mercaptoethanol was immediately added to the 

supernatant, samples boiled and placed at -20oC till loading.  One aliquot was utilized for 

coomassie blue staining of a 6-12% SDS-PAGE gel. The other aliquots were run on 6-

12% SDS-PAGE gels, electrophoretically transferred onto polyvinylidene difluoride 

membranes (PVDF) using a BioRad TurboBlotter, and blocked with 5% nonfat dried milk 

and 0.2% Tween-20 in 150mM NaCl, 50mM Tris-HCl; pH 7.4 at 4oC.  Bands were 

visualized either through incubation with the appropriate primary antibodies, rG50 pAb 

and protein-C mAb (Roche), followed by HRP-conjugated secondary antibodies (Pierce) 

or directly with HRP linked primary antibodies: HRP-FLAG M2 mAb (Sigma-Aldrich), 

HRP-HA mAb (clone 3F10; Roche), HRP-c-myc mAb (clone9E10; Roche), HRP-VSV-G 

mAb (Cell Signalling), mouse anti-VSV-G mAb – HRP conjugated (Cell Signalling), 

mouse anti-protein C IgG1,k mAb (clone HPC4; Roche), and mouse anti-V5 IgG2a mAb 

– HRP conjugated (Invitrogen).  Blots were developed with ECL reagents (Amersham 

Biosciences) and band intensities on autoradiographs scanned and quantitated. 

 Recombinant 1LG4-5/WTNf was also dialyzed into 50mM NaCl, 1mM CaCl2, 50mM 

Tris-HCl; pH8.0 at RT buffer and 12.5 ug of 1LG4-5 per unit of EK incubated for 12 

hours at 4oC, RT, and 37oC with varying concentrations of EK in 50mM NaCl, 1mM 

CaCl2, 50mM Tris-HCl; pH8.0. 

 

Rotary shadow electron microscoy of recombinant 1LG4-5 proteins. 

Recombinant 1LG4-5 proteins and elastase digest fragment E3 were dialyzed in 0.15M 

ammonium bicarbonate and adjusted to 60% glycerol.  Pt/C rotary shadowing of proteins 
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was performed by deposition of 0.9 nm metal at an 8º angle as previously described [45] 

by Dr. Peter Yurchenco. 

 

Heparin binding of laminin 1LG4-5 (EHS E3 fragment) and recombinant 1LG4-5 

proteins. 

The elastase digest 1LG4-5 fragment E3 isolated from Lm-111 purified from EHS 

tumor [45],  recombinant 1LG4-5/WTNf,  recombinant 1LG4-5/WT treated with 

enterokinase to remove the FLAG tag (“de-FLAGed” recombinant 1LG4-5/WT), and 

mutant recombinant 1LG4-5 proteins were loaded onto a TosoHass Heparin 5PW 

column in TBS50/Ca at 4ºC on a Pharmacia AKTA FPLC, eluted with a 0-1M NaCl salt 

gradient, and the salt concentration of their elution determined.  

 

Analysis of recombinant 1LG4-5 proteins binding to DG. 

The ability of the recombinant fragments to bind -dystroglycan (DG) was measured 

both by a gel overlay assay (DG run into gel and overlayed with 2 g of each 

recombinant 1LG4-5) and a solid phase binding assay in which the DG is attached to 

microtiter plate wells.  DG was purified from rabbit muscle as previously described 

[293, 294]. Equal aliquots of DG (1ug) were loaded into the slots of SDS-acrylamide 

gels and electrophoresed under reducing conditions.  The protein bands were then 

electroeluted onto nitrocellulose membranes and assessed for binding to each 1LG4-5 

protein (1ug/ml) using a previously described overlay assay method [295].  Binding of 

the 1LG4-5 proteins was detected with 1.1 ug/ml of horseradish peroxidase coupled to 

the monoclonal anti-FLAG anitobdy M2 (SIGMA).  The solid phase ELISA assay was 

performed in 96 well microtiter plates with 0.1 ug/well of DG bound to the plate and 

incubated with various concentrations of 1LG4-5 proteins as previously described 
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[296], except that HRP-linked monoclonal antibody M2 was used for detection followed 

by color development with TMB (3,3’,5,5’-tetramethylbenzidine; Bio-Rad).  Color 

development was quatitated at 655nm using a Molecular Dynamics Spectramax 

340UV/Vis microplate reader [297].  Estimates of half-maximal binding, corresponding to 

the apparent dissociation constant (Kd), and binding capacity (Bmax) were determined 

using the computer program SIGMA PLOT and by curve fitting of the binding data of 

1LG4-5 using a single-site binding algorithm (fitted values = Bmax*L/(Kd + L), where L 

is the molar ligand concentration), with the calculated Bmax value used for subsequent 

determinations of all other half-maximal binding - an approach employed to minimize 

errors inherent in estimating binding from plots that are very low over the concentration 

range employed.  A constant B-max of 3.6 and MW of 43.1 kDa was utilized.  All DG 

binding experiments were performed by Ariana Combs in the laboratory of Dr. James 

Ervasti. 

 

Analysis of recombinant 1LG4-5 binding to galactosyl sulfatide and other lipids 

as well as lipids utilized in other experiments. 

The ammonium salt of HSO4-3Galß1-1'Ceramide (brain sulfatides mixture; Avanti Polar 

Lipids = APL) was dissolved in methanol and 10 g added per immulon-1B microtiter 

plate well (ThermoLabsystems).  The plate was dried at 37°C for 2 hours and the wells 

washed four times with 200l of ELISA Wash Buffer (EWB):  90mM NaCl, 5mM CaCl2, 

50mM Tris-HCl; pH7.4 at room temperature and 1% BSA (a specific fatty acid free prep; 

Sigma-Aldrich; catalog #A-7030).  The wells were then blocked for 1 hour at RT with 

200ul of EWB, followed by three 200 l washes of EWB.  Recombinant Lm1LG4-5 

proteins in varying concentrations in EWB were added to each well and incubated for 1.5 

hours at room temperature.  The wells were then washed four times with 200ul of EWB 
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and HRP-linked monoclonal FLAG antibody M2 in EWB added.  After 1 hour at room 

temperature the wells were washed four times with EWB and 150 l of substrate solution 

(4mM O-phenylenediamine, 50mM citric acid, 100mM Na2HPO4, and 0.012% H202) 

added.  The developing color reaction was then stopped after 2-10 minutes by the 

addition of 60ul of 2M H2SO4, followed by 50ul of 90% ethanol and the plates read in a 

TECAN SpectraFluor microtiter plate spectrophotometer at 492nm.  If the obtained 

values were too high for an accurate reading, an appropriate volume of the sample was 

removed, placed in a new microtiter plate, diluted with substrate solution, read in the 

spectrophotometer and the resulting values modified accordingly.  A calculated 

molecular weight of 44.3 kDa was utilized to calculate molar concentrations of 

recombinant 1LG4-5s.  Inhibition studies were performed in the presence of either 

10ug/ml low molecular weight heparin (Sigma-Aldrich), 5mM EDTA, or 1-3% Triton X-

100.  The assay was also performed with several other lipids and lipid mixtures 

including: ceramide (APL), galactosyl ceramide (APL and Sigma-Aldrich), lactosyl 

ceramide (APL and sigma aldrich), N-octanoyl-ceramide-1-phosphate (APL), 

sphingomyelin (APL), phosphatidic acid (APL), L--phosphatidylglycerol (APL), L--

phosphatidylinositol (APL), L--phosphatidylethanolamine (APL), L--

phosphatidylcholine (APL), L--phosphatidylserine (APL), D-erythro-sphingosine (APL), 

sphingosine-1-phosphate (APL), cholesterol (APL and Sigma-Aldrich), cholesterol-3-

sulfate (Sigma-Aldrich), GM1 ganglioside (APL), total brain gangliosides (APL), glc-

sulfatide (gift from Ineo Ishizuka, Teikyo University, Tokyo, Japan), and BODIPY-gal-

sulfatide [298].  Many different ELISA Wash Buffers, microtiter plates, BSA preparations, 

drying, incubation, washing, and detection methods were tested.  The above method 

gave higher signal, lower data scatter, and better reproducibility of all the tested 
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variables.  Half-maximal binding (Kd) and Bmax values were estimated in the same 

manner as described for DG. 

 Various attempts to immunoprecipitate 1LG4-5/WTNf complexed with sulfatide and 

quantitate the direct binding of 1LG4-5/WTNf failed.  Attempts to measure the sulfatide 

brought down from either a sulfatide containing solution or from sulfatide bound to BSA, 

via recombinant 1LG4-5/WTNf immunoprecipitated with FLAG mAb or FLAG matrix, 

failed, however, when the recombinant 1LG4-5s were incubated with MEFs which had 

been pre-loaded with BODIPY-sulfatide, extracted, and the 1LG4-5 immunoprecipitated 

via the N-terminal FLAG tag, sulfatide did bind and remained bound to the recombinant 

1LG4-5s, and could be measured and compared.  MEFs were loaded with sulfatide 

according to the method described in this Materials & Methods section.  Recombinant 

1LG4-5/WTs were then added to the media and the MEFs incubated for 15 minutes at 

37oC.  The cells were washed extensively with wash buffer (WB): 150mM NaCl, 5mM 

CaCl2,
 1mM MgCl2, 50mM Tris-HCl; pH 7.5.  MEFs were removed from the dish by 

scraping and then resuspended at 4°C for 30 min. in 0.5 ml extraction buffer containing 

50mM Tris-HCl, 150mM NaCl, 5mM CaCl2, 1% Triton X-100, 2mM PMSF, 1µg/ml 

pepstatin A, 2µg/ml aprotinin, 5µg/ml leupeptin, 2mM sodium fluoride, and 2mM sodium 

vanadate.  Lipid raft microdomains were then isolated from the MEFs after the  treatment 

with 1% Triton X-100 at 4oC as detergent-insoluble glycosphingolipid-rich microdomains 

(DIGs) by density gradient centrifugation at 4°C.  To generate the density gradients for 

centrifugation, the cell lysate was adjusted to 40% OptiPrep (Sigma-Aldrich) and overlaid 

with solutions of 30% and 10% Optiprep in the extraction buffer. These gradients were 

centrifuged for 16 hr at 35,000 rpm at 4°C in a SW40Ti rotor (Beckman Instruments). 

Fractions of equal volume including the DIG (floating fraction, as judged visually by the 

presence of a band in the density gradient) and non-DIG (bottom fraction) extracts were 
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collected and analyzed by SDS-PAGE (10%) followed by immunoblotting. The DIG 

fraction also contains caveolas in addition to noncaveolar membrane microdomains, 

therefore, the presence of caveolin was utilized by Western blotting to confirm that the 

DIG fraction had been correctly identified in each experiment.  Immunoprecipitations, 

were performed with the FLAG M2 mAb specific to the N-terminal FLAG epitope tag 

present on all the recombinant 1LG4-5s tested.  Both the DIG and non-DIG fractions 

were resuspended in extraction buffer.  In order to remove nonspecifically binding 

proteins, these fractions were then precleared with a mixture of protein A and G 

sepharose for 30 min at 4°C.   They were then incubated with FLAG M2 mAb agarose 

overnight at 4°C on a rotating platform.  After four washes in extraction wash buffer 

containing 1% NP-40, equal concentrations of the immunoprecipitations were loaded on 

gels for SDS-PAGE and immunoblotting to verify fraction constituents and estimate 

protein content.  Appropriate volumes were then analyzed in a fluorimeter and the 

number of sulfatides per mole of 1LG4-5 determined. 

 

Antibiotics utilized and kill curves generated. 

HEK 293 cells were plated at 30% confluence in 6-well tissue culture dishes with DMEM 

(Invitrogen) supplemented with 10% FBS (Atlanta Biological), 200 mM L-glutamine 

(Invitrogen), penicillin-streptomycin (1,000 u/ml and 1,000 ug/ml respectively), and with 

or without one of the following six antibiotics at the six various concentrations given: 0.5, 

1, 2, 4, 6, and 8 ug/ml blasticidin S HCl (Invitrogen); 50, 100, 250, 500, 750 1,000 ug/ml 

G418/geneticin (Sigma-Aldrich/Invitrogen); 10, 40, 60, 80, 100, and 120 ug/ml zeocin 

(Invitrogen); 0.1, 0.5, 0.75, 1, 2, 4 ug/ml puromycin (Sigma-Aldrich); 0.5, 1, 2, 4, 6, and 

ug/ml hygromycin-B (Sigma-Aldrich).  Media was changed every 3 days and the number 
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of surviving cells counted every 24 hours for 14 days.  “Kill” curves were then generated 

from the number of surviving cells.    

 

Antibodies. 

The following antibodies were utilized in this study: rG50 – a rabbit polyclonal antibody 

(pAb) which reacts with the LG4-5 domain of the laminin 1 chain, EHS Lm – a rabbit 

polyclonal antibody which reacts with the laminin 1, 1, and 1 chains, 2LmLG1-5 – a 

rabbit pAb which reacts with the LG1-5 domain of the laminin 2 chain, Lm2/4 – a rabbit 

pAb which reacts with the laminin 2 and 1 chains, placental Lm – a rabbit pAb which 

reacts with the 2, 1, and 1 chains of laminin, which were prepared an characterized 

as described previously [52, 299], and rat Lm 1 mAb (Upstate Biotechnology).  Other 

antibodies utilized, include: nidogen-1 pAbs [51, 70], 1 integrin hamster mAb Ha2/5 (BD 

PharMingen), DG mouse monoclonal IgM Ab IIH6 (gift from K. Campbell, University of 

Iowa, Iowa City, IA), DG mouse mAb (Novocastra Laboratories), gal-sulfatide mAb SulfI 

(gift from P. Fredman; Sahlgreuska University Hospital, Molndal, Sweden) [300], 

utrophin mAb DRP2 (Novocastra), S100 mAb (Chemicon), S100 rabbit pAb (gift from P. 

Amenta; UMDNJ, New Brunswick, NJ), rabbit anti–mouse type I collagen antibody 

(CHEMICON International, Inc.), rabbit anti-mouse type IV collagen pAb (Rockland 

Immunochemicals), rat anti–mouse perlecan mAb, myelin basic protein mAb 

(Sternberger Monoclonals),  myelin basic protein pAb (gift from P. Amenta; UMDNJ, 

New Brunswick, NJ), rabbit cSrc pAb (Santa Cruz Biotechnology), rabbit cSrc-pY416 pAb 

which also cross reacts with activated Fyn (Cell Signaling Technology), caveolin-1 pAb 

(Sigma-Aldrich), caveolin-1-pY14 pAb (BD Biosciences), Fyn mAb (Sigma-Aldrich), rabbit 

anti-FLAG IgG pAb (Sigma-Aldrich), mouse anti-FLAG M1 IgG2b mAb (Sigma-Aldrich), 

mouse anti-FLAG M2 IgG1 mAb (Sigma-Aldrich), mouse anti-FLAG M5 IgG1 mAb 
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(Sigma-Aldrich), anti-FLAG M2-Alkaline Phosphate conjugated mAb (Sigma-Aldrich), 

anti-FLAG M2–HRP conjugated mAb (Sigma-Aldrich), anti-FLAG M2-CY3 conjugated 

mAb (Sigma-Aldrich), anti FLAG M2–FITC conjugated mAb (Sigma-Aldrich), anti-FLAG 

M2 mAb affinity gel (agarose; Sigma-Aldrich), mouse anti-c-myc IgG1,k mAb (clone 

9E10; Roche), mouse anti-c-myc mAb (clone 9E10) affinity matrix (Roche), mouse anti-

c-myc mAb (clone 9E10)–HRP conjugated (Sigma-Aldrich), rat anti-HA IgG1 mAb (clone 

3F10; Roche), rat anti-HA mAb (clone 3F10) affinity matrix (Roche), rat anti-HA (clone 

3F10) mAb–Fluorescein conjugated (Roche), rat anti-HA (clone 3F10) mAb–HRP 

conjugated (Roche), mouse anti-HA IgG2b,k mAb (clone 12CA5; Roche), mouse anti-

HA (clone 12CA5) mAb–fluorescein conjugated (Roche), anti-HA (clone 12CA5) mAb–

rhodamine conjugated (Roche), mouse anti-VSV-G IgG1, mAb (clone P5D4; Roche), 

mouse anti-VSV-G mAb–HRP conjugated (Cell Signalling), mouse anti-protein C IgG1,k 

mAb (clone HPC4; Roche), mouse anti-V5 IgG2a mAb (Invitrogen), mouse anti-V5 

mAb–HRP conjugated (Invitrogen); as well as, FITC-, Cy3- and Cy5-conjugated 

secondary antibodies specific for mouse IgG, mouse IgM, and rabbit IgG (Jackson 

ImmunoResearch Laboratories) were used for immunoflouresence detection, HRP-linked 

antibodies specific for mouse IgG, rat IgG, and rabbit IgG (Amersham Pharmacia 

Biotech) were used as secondary antibodies for immunoblotting.  

 

Antibodies and immunofluorescence microscopy. 

Schwann and MEF cells grown on glass coverslips or plastic in the presence of 

extracellular proteins were rinsed 3 times with PBS (10 mM sodium phosphate, pH 7.4, 

127 mM NaCl) and fixed in 3% paraformaldehyde for 30 minutes. Cultures were blocked 

with 5% goat serum and then stained with primary and appropriate secondary antibodies 

conjugated with fluorescent (FITC, Cy3, and Cy5) probes.  Rabbit polyclonal antibodies 

specific for laminin-111 (EHS), laminin fragment E4 (the 1LN domain obtained from an 

http://www.jcb.org/cgi/redirect-inline?ad=Jackson%20ImmunoResearch%20Laboratories
http://www.jcb.org/cgi/redirect-inline?ad=Jackson%20ImmunoResearch%20Laboratories
http://www.jcb.org/cgi/redirect-inline?ad=Amersham%20Pharmacia%20Biotech
http://www.jcb.org/cgi/redirect-inline?ad=Amersham%20Pharmacia%20Biotech
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elastase digest of EHS laminin-111), laminin 1LG4-5 (RG50), and nidogen-1 were used 

as described [70].  EHS-laminin antibody binding to microtiter wells coated with 1 g/ml 

of different recombinant laminins (WTa, 1LN, 1LN, 1LN-L4b, 1LN and 

1LG1-5) was evaluated by direct ELISA assay with serial two-fold dilutions of 

antibody. The binding plots were essentially identical for all substrates except for 1LN-

L4b whose plot lagged by a single two-fold dilution and whose color intensity at 

saturation (5 g/ml) was decreased by <10%.   Therefore, this antibody (20ug/ml) 

against fragment E4 was used to compare the accumulation of different laminins on cell 

surfaces, except for recombinant Lm-111s containg N-terminal deletions, in which case 

the laminin 1LG4-5 antibody was utilized for comparisons.  Nidogen-specific rabbit 

antibody prepared against recombinant nidogen-1 [71] was used at 3 g/ml and type IV 

collagen-specific rabbit antibody (Chemicon) was used at a 5 ug/ml.  Detection was 

accomplished with Alexa Fluor 488 and 647 goat anti-rabbit IgG secondary antibodies 

(Molecular Probes) at 1:500 and 1:100 respectively, and FITC-conjugated donkey anti-

mouse IgM at 1:100 (Jackson Immuno Research).  Slides were counterstained with 

DAPI and imaged as described [70].  Laminin, type IV collagen and nidogen 

immunofluorescence levels were quantitated from digital images (average of 9, each 

1300 x 1030 pixels, 437 x 346 m) recorded using a 20x microscope objective with 

IPLab 3.7 software (Scanalytics).  A segmentation range was chosen to subtract 

background and accellular immunofluorescence. The sum of pixels and their intensities 

in highlighted cellular areas of fluorescence were measured and normalized by dividing 

by the number of cells determined from a count of DAPI-stained nuclei for each image. 

Data were expressed as the mean and standard deviation of normalized summed 

intensities with the data analyzed by one-way ANOVA with Holm-Sidak comparisons in 

SigmaPlot v.9.01 and SigmaStat v3.1 (Jandel). 
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Immunoprecipitation (IP) and immunoblotting (IB). 

Cell lysates of adherent cells were prepared by washing the cells with cold PBS.  

Followed by disruption in lysis buffer: 50mM Tris, pH 7.4, 100mM NaCl, 0.5 mM EDTA, 

1% Triton X-100, 1% SDS, and protease and phosphatase inhibitor cocktails (Sigma-

Aldrich; diluted 1:10 and 1:100, respectively) and centrifugal sedimentation to get rid of 

the cellular debri pellet.  Immunoprecipitations were performed at 4oC with the addition of 

protease inhibitor cocktails (Sigma-Aldrich) to all the protein samples and buffers.  

Conditioned medium or lysates were precleared with 20 µl of an equal mixture of protein 

A–agarose and protein G–Sepharose bead slurry.  Samples were incubated with 

antibody overnight and precipitated with 40µl protein A–agarose or protein G–Sepharose 

beads for 2 hours and followed by washing in 50mM Tris-HCl, pH 7.5, 150mM NaCl, 1% 

NP-40, and 0.1% SDS.  After an additional wash, the supernatant was removed and the 

immunoprecipitates were analyzed by SDS-PAGE.  Duplicates of type IV collagen 

antibody immunoprecipitates were incubated with 5 U bacterial collagenase (CLSPA; 

Worthington Biochemical Corporation) at 37°C for 1 hour.  After collagenase digestion, 

the immunoprecipitates were washed twice in PBS and analyzed.  Epitope tag specific 

antibodies, matrix, and peptide for elution were utilized when appropriate.  Proteins were 

quanitated and equal amounts of proteins were separated by SDS-PAGE under 

reducing conditions:  3.5-12% gradient, 6%, 10% and 12.5% for heterotrimeric laminins, 

3-12.5% and 6% for laminin LG1-5, LG1-3, and LG4-5 recombinant proteins, 12% for 

caveolin-1, 8% for Src, and 6% for utrophin.  After SDS-PAGE was performed, proteins 

from the gels were electrophoretically transferred onto polyvinylidene difluoride 

membranes (PVDF; BioRad) using an electroblotter, blocked with 5% nonfat dried milk 

and 0.2% Tween 20 in 150mM NaCl, 50mM Tris-HCl; pH 7.4, and incubated with primary 

antibodies followed by HRP-conjugated secondary antibodies (Pierce) or HRP-FLAG M2 

mAb (Sigma-Aldrich).  Blots were developed with ECL reagents (Amersham 



56 

 

Biosciences).  Band intensities were quantified from the membrane or scanned films 

using Quantity 1 software (Bio-Rad Laboratories) after data acquisition with a gel 

documentation system (ChemiDoc XRS; Bio-Rad Laboratories) as described previously 

[45, 51].  

 

Protein visulatizations and quantifications. 

Protein concentrations were determined by absorbance at 280nm, Bradford assay 

(BioRad Laboratories), amino acid analysis, and comparison against known standards in 

Coomassie blue-stained gels as described [51, 74, 301].  Proteins were solubilized in 

Laemmli sample buffer and evaluated by SDS-PAGE under reducing conditions on 3.5-

12% linear gradient, 6%, or 10% acrylamide gels.  Electrophoresed gels were stained 

with Coomassie Brilliant Blue R-250, imaged with a BioRad Gel Doc 2000 in brightfield 

mode, and analyzed with Quantity One software (BioRad).   

 

Polymerization assays with laminin, collagen, and nidogen. 

Aliquots (50ul) of laminin in polymerization buffer (TBS, 1mM CaCl2, 0.1% Triton X-100) 

at various concentrations were incubated at 37oC in 0.5ml Eppendorf tubes for one hour.  

Samples were centrifuged at 11,000xg, followed by solubilization of supernatant and 

pelleted fractions in Laemmli sample buffer and analysis by SDS-PAGE as described 

above.   

 

Sulfatide (and other lipids) loading of cells. 

The sulfatide-BSA complex was prepared as previously described [70, 71].  Gal-

sulfatide, glc-sulfatide, BODIPY-gal-sulfatide and other lipids were dissolved under a 

stream of argon, reconstituted in DMSO, and heated at 60oC for 10 minutes.  Lipids were 

then mixed with an equal molar ratio of de-lipidated BSA (Sigma-Aldrich) in PBS, PH 
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7.4, and incubated at 37oC for 20 minutes.  The lipid-BSA complex was diluted with 

serum-free DMEM and added to cells for 30 minutes at a final concentration of 10mM.  

Cells were then rinsed three times with PBS and used immediately for experiments. 

 

Flourescence microscopy of Schwann and fibroblast cells. 

Cells that were grown on glass coverslips were rinsed with PBS, fixed in 3% PFA for 30 

minutes, and then washed again in PBS.  Suspended cell aggregates were collected by 

sedimentation, washed with PBS, fixed in 3% PFA, embedded in optimal cutting 

temperature compound (OCT; Tissue-Tek), and sectioned on a cryostat.  When 

intracellular epitopes needed to be stained, the cells were permeabilized with 0.1% 

Triton X-100 in PBS on ice for 5 minutes.  Slides were blocked with 5% goat serum and 

stained with primary and appropriate secondary antibodies conjugated with FITC, Cy3, 

or Cy5 (Jackson ImmunoResearch Laboratories).  Control staining was achieved using 

the appropriate IgG or IgM.  Nuclear staining was accomplished with DAPI.  

Immunofluorescence and phase microscopy were performed on an inverted microscope 

(model IX70; Olympus) with IX-FLA fluorescence and CCD camera, and the data 

collected and analyzed utilizing IPLab v.3.52 (Scanalytics) as described previously [70].   

  

Electron microscopy. 

(a) Rotary shadow Pt/C replicas - Laminin (25-50g/ml in 0.15M ammonium bicarbonate, 

60% glycerol) was sprayed onto mica discs, evacuated in a Balzers BAF500K unit, 

rotary shadowed with 0.9 nm Pt/C at an 8 angle, backed with 8 nm carbon at a 90 

angle, and viewed in an electron microscope as otherwise described [301].  Electron 

micrograph images are shown contrast-reversed. 
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(b) Thin sections of cell layers - Schwann cells were plated in 60-mm Permanox dishes 

(Nalgene Nunc) 2 days before the experiment.  The next day the media was changed.  A 

day later, laminins (20-50 g/ml) were added to freshly replaced medium and incubated 

for one hour at 37oC.  H. promatia arylsulfatase (Sigma-Aldrich) or bacterial collagenase 

(CLS; Worthington) were added to cell cultures 30 minutes before the addition of Lm-111 

when called for.  The media was removed and the adherent cells washed once in PBS.  

The cells were fixed in 0.5% gluteraldehyde and 0.2% tannic acid in PBS for 1 hour at 

room temperature, and then transferred to modified Karnovsky’s fixative (4 % 

formaldehyde and 2.5 % gluteraldehyde containing 8 mM CaCl2 in 0.1 M sodium 

cacodylate buffer, pH 7.4).  Samples were washed with PBS and post-fixed in 1% 

osmium tetroxide in 0.1 M sodium cacodylate buffer, pH 7.4 for 1 hour to produce 

osmium black.  Samples were then dehydrated through a graded series of ethanol and 

embedded in Epon/SPURR resin (EM Science) that was polymerized at 65C overnight.  

Sections (~90 nm) were cut with a diamond knife and stained with saturated uranyl 

acetate (20 min) followed by 0.2% lead citrate (2.5 min).  Images were photographed 

with a Jeol JEM-1200EX electron microscope (JEOL) as described previously (Tsiper et 

al., 2002).  The percentage of BM coverage was determined as the ratio of measured 

length of continuous ECM present on the cell surface divided by the total measured 

length of exposed cell surface in random cross sections cut at different depths within the 

Epon block.  

 

Schwann cell culturing. 

Schwann cells isolated from sciatic nerves from newborn Sprague Dawley rats were the 

kind gift of Dr. James Salzer (New York University). These cells were expanded in 

culture for 5-10 passages and maintained in DMEM, 10% fetal calf serum (Gemini Bio 
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Products), neuroregulin (0.5 g/ml, Sigma), forskalin (0.2 g/ml, Sigma), 1% glutamine 

and penicillin-streptomycin. Schwann cells were then switched to DMEM media 

supplemented with 10% fetal calf serum, 2% pituitary extract, and 4uM (0.2ug/ml) 

forskalin.  Cells between passage 11 and 17 were utilized for binding experiments and 

plated at half-confluent densities onto 24-well tissue culture treated dishes (Costar), 22-

mm2 glass coverslips in 6-well dishes, or 16-well glass chamber slides (Nalgene).  The 

following day, the media were changed and the cells were incubated with 20-40 ug/ml 

laminin, 10-20 ug/ml type IV collagen, and/or 2-8 ug/ml nidogen-1 at 37 in DMEM/F12 

(Invitrogen) containing 10% FBS for one hour, followed by washing and fixation.  

 

Mouse embryonic lung fibroblasts. 

Day E12 embryonic lungs from C57BL6 mice were removed and transferred to a 

bacteriological treated petri dish, where they were dissected and cut into fine pieces and 

treated with 10% trypsin-versene for 20 minutes, centrifuged and the supernatant plated 

on tissue culture treated petri dishes, the supernatant was removed 30 minutes later, the 

adherent cells removed with trypsin-versene again and panned twice more.  The 

adherent cells which remained were greatly enriched for embryonic fibroblasts, any cells 

not displaying fibroblast like morphology were ignored during the subsequent analyses.  

These cells were maintained in culture with DMEM and 10% FBS and used in 

experiments for 4 passages before they were disposed of. 

 

Lipid raft visualization in MEFs. 

MEFs were exposed to 20ug/ml recombinant Lm-111Nm/Nh/Cf  for 40 minutes, washed 

twice with groth medium, incubated for 10 minutes with the appropriate Alexa 

fluorescently conjugated cholera toxin subunit B (CT-B; Vybrant Lipid Raft Labeling Kit; 
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Molecular Probes), washed four times with 1XTBS containing 5 mM CaCl2, incubated 

with the anti-CT-B antibody for 15 minutes to crosslink the GM1, washed four times with 

1XTBS containing 5 mM CaCl2, fixed in 4% formaldehyde for 15 minutes, then 

immunostained with appropriate antibodies (rG50 for laminin and IIH6 for DG) and 

reagents (DAPI for nuclear staining). 

 

Culturing of embryonic stem cells and embryoid bodies. 

Wild-type R1 and laminin 1 null [31] ES cells were grown on feeder layers of mitomycin 

treated (10ug/ml for 2 hours) SNL STO cells in ES medium (MEM -medium; Invitrogen) 

supplemented with 15% ES-grade FCS (Invitrogen), 0.1 mM nonessential amino acids, 

0.1 mM ß-mercaptoethanol, 1 mM sodium pyruvate, 100 µg/ml penicillin, 100 µg /ml 

streptomycin, and 1,000 U/ml leukemia inhibitory factor (LIF; Invitrogen).  ß1-Integrin–

null (clone G201) ES cells [302, 303] were cultured directly on Falcon tissue culture 

dishes (Becton Dickinson) in ES medium.  ES cells were subcultured at semi-confluence, 

and the medium was changed every day to maintain the cells in an undifferentiated state.  

To culture EBs, subconfluent ES cells were dispersed with 0.25% trypsin-0.53 mM EDTA 

and plated onto gelatin-coated dishes for 3 hours to allow feeder cells to selectively 

attach.  Nonadherent ES cell aggregates were then dispersed and cultured on 

bacteriological petri dishes in ES medium without LIF.  

Preparation of EBs for immunoflourescence: 

EBs were collected into 10ml tubes and allowed to sediment by gravity.  After washing in 

PBS with 0.5% BSA, the EBs were fixed with 3% paraformaldehyde in PBS, followed by 

incubation in 7.5% sucrose-PBS at room temperature for 3 hours, and then in overnight 

at 4oC in 15% sucrose-PBS.  The EBs were embedded in OCT (Tissue-Tek) and 4µm 

thick frozen sections were prepared.  Nonspecific binding sites were blocked with 5% 

http://www.jcb.org/cgi/redirect-inline?ad=Becton%20Dickinson
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goat serum.  FITC-, Cy3-, and Cy5-conjugated antibodies were used as secondary 

reagents and nuclei were counterstained with DAPI. 

Microscopy of EB sections: 

Slides were viewed by indirect immunofluorescence using an inverted microscope 

(model IX70; Olympus) fitted with an IX-FLA fluorescence observation attachment and a 

MicroMax 5-mHz CCD camera (Princeton Instruments) controlled by IP Lab 

(Scanalytics).   

 

Other proteins utilized in this study. 

Several proteins utilized in this study were prepared by the laboratory, gifts, or 

purchased. 

Lm-111: 

Laminin-111 was extracted in EDTA from lathyritic mouse Engelbreth-Holm-Swarm 

(EHS) tumor and purified as previously described [45]. 

Recombinant human heterotrimeric laminin-211: 

Expressed and purified as described previously [296]. 

Recombinant nidogen: 

A pCIS vector encoding full length mouse nidogen-1 (gift from Dr. Rupert Timpl, MPI for 

Biochemistry, Martinsried, Germany) was used to stably transfect 293 cells. Secreted 

protein was purified from medium by metal chelating chromatography as previously 

described [59]. 

Type IV collagen: 

Was prepared from EHS tumor as previously described [45]. 

Proteolytic fragments of Lm-111: 

Defined proteolytic fragments were prepared after digestion of purified Laminin-111 with 

either elastase or cathepsin G.  Elastase fragments E1’ (containing the N-terminal short 

http://www.jcb.org/cgi/redirect-inline?ad=Olympus
http://www.jcb.org/cgi/redirect-inline?ad=Scanalytics
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arms of 1 and 1 and containing a nidogen fragment), E8 (containing the lower half of 

the coiled-coil and LG1-3 of 1 chain),  E4 (containing the N-terminal LN and LEa of the 

1 chain), and E3 (containing the C-terminal LG4-5 of the 1 chain) were generated by 

elastase digest and purified by Sepharose CL-6B gel filtration (Pharmacia) and HPLC 

DEAE-5PW ion exchange (Toso-Haas) as previously described [48].  Fragment C1-4 

(containing all three N-terminal short arms) was prepared and solubilized as previously 

described [45]. 

AEBSF Lm-111, AEBSF Lm-111 fragment E1’, and AEBSF 1LG4-5/WT : 

Preparation of AEBSF Lm-111 and AEBSF E1’ were previously described [304].  5 mM 

serine protease inhibitor AEBSF (p-aminoethylbenzenesulfonyl fluoride, HCl) in 50mM 

Tris-HCl and 90mM NaCl, pH7.4 was incubated overnight on ice with laminin-111 in 

order to inactivate laminin self-assembly.  AEBSF-treated laminin was dialyzed to 

remove free AEBSF, and then cycled through two rounds of polymerization conditions 

(37C, 3 hours) to remove any potentially active laminins.  AEBSF-E1' 

(nonpolymerization inhibition control) was prepared by incubation of E1' under the same 

conditions as Lm-111, followed by dialysis to remove the AEBSF.  AEBSF recombinant 

1LG4-5 was prepared the same way as the other AEBSF treated proteins except the 

treated material was purified via FLAG chromatography to remove any residual AEBSF. 

Recombinant Lm-111 proteins: 

Human embryonic kidney cells (HEK293 cells) were cultured in DMEM (Invitrogen) 

supplemented with 10% Fetal Bovine Serum (Atlanta Biological), 200mM L-Glutamine 

and Penicillin-Streptomycin (1,000 u/ml Penicillin and 1,000 g/ml Streptomycin; 

Invitrogen).  Plasmids containing laminin constructs were linearized and stably 

transfected into HEK293 cells utilizing Lipofectamine 2000 (Invitrogen).  Stable cell lines 

expressing recombinant laminins were supplemented with 1 ug/ml puromycin (1 
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chains), 80-100 ug/ml Zeocin (1 chains), and 500 ug/ml G418 (1 chains) unless 

otherwise specified.  SDS-PAGE, chain specific immunoprecipitation, and western blot 

analysis of secreted protein was used to confirm expression of trimeric Laminin in the 

stable cell lines.  The 1, 1, and 1 laminin chains were detected with anti-myc 

(Roche), anti-hemagglutinin (HA; Roche), and anti-Flag M2 (Sigma) antibodies, 

respectively, unless otherwise specified.  Recombinant laminin was purified from media 

on a heparin-agarose (Sigma) column and eluted with 500 mM NaCl (in 50mM Tris pH 

7.4, 1mM EDTA).  The heparin elute containing the recombinant laminin-111 was then 

bound to a FLAG M2-agarose (Sigma-Aldrich) gravity column and eluted with 100ug/ml 

FLAG peptide (Signa-Aldrich)  in wash buffer (150mM NaCl, 1mM EDTA, 50mM Tris-

HCl; pH 7.4).  The dilute protein was concentrated in an Amicon Ultra-15 filter (100K 

MWCO, Millipore), FLAG peptide recovered for reuse, and the recombinant protein 

dialyzed in TBS50 (90mM NaCl, 0.125mM EDTA, 50mM Tris-HCl; pH 7.4).  Some 

recombinant proteins were first purified on a heparin 5PW column via an AKTA FPLC 

system and then FLAG purified in a purification protocol identical to that utilized to purify 

the recombinant 1LG4-5 proteins except for the substitution of 1 mM EDTA for CaCl2 in 

the buffers utilized. 
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Expression Constructs 

Multiple series of laminin expression constructs were synthesized and can be classified 

into four main catagories (and multiple subcategories) based upon the chain, speices, 

and region of each chain utilized: 1LG4-5 based (tables 2, 3, and 4), 1 based (tables 

5 and 6), 1 based (tables 7 and 8), and 1 based (tables 9 and 10).    

 PlatPfx (Invitrogen) and a PTC-100 thermal cycler (MJ Research) were utilized in the 

PCR reactions.  All PCR reactions were cleaned via use of a microcentrifuge tube spin 

filter (UltraClean PCR Clean-Up Kit; MoBio).  Restriction Enzymes were supplied by 

New England BioLab and Fermentase.  When necessary restriction fragments and PCR 

products were separated on agarose (FMC) gels, stained with Ethidium Bromide, the 

appropriate band excised, and purified utilizing either an UltraClean 15 DNA Purification 

kit (MoBio) or a UltraClean GelSpin DNA Extraction kit (MoBio).  DNA fragments were 

ligated with T4 DNA ligase (NEB) and DH5 (Invitrogen) bacterial cells transformed with 

the plasmids, plated onto LB-agar plates containing 10ug/ml amplicillin (Sigma-Aldrich), 

grown O/N at 37oC, bacterial colonies picked and grown in LB media containing 10ug/ml 

ampicillin, and plasmid DNA purified via the standard alkaline lysis technique utilizing 

MoBio UltraClean Standard Mini Plasmid Prep kits.  All generated plasmids were 

checked via restriction endonuclease digestion and both the ligation junctions and PCR 

products of all selected clones were completely sequenced.   

 

Construction of recombinant 1LG4-5 constructs: 

An expression construct containing the mouse laminin 1 LG4-5 (rE3) WT coding 

sequence was created by amplifying the WT DNA from the mouse laminin alpha-1 pCIS 

[299] construct utilizing 3 successive PCR reactions (table 2).  Three overlapping 

upstream 5’ sense primers were used to place a 5’ terminal Nhe I RE site followed by a 
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specifically designed 5’ UTR, BM40 signal sequence, FLAG epitope tag, and an 

Enterokinase (Invitrogen) cleavage signal sequence, while the 3’ primer placed a Kpn I 

RE site downstream of the STOP codon on the 3’ terminus of the amplified product (see 

table 2 for diagram of procedure and list of oligonucleotide primers utilized).  These sites 

were used to clone the PCR product into the analogous sites in the pcDNA3.1+/zeo 

vector (Invitrogen).  The mutated recombinant 1LG4-5s were constructed in a similar 

manner using the same three 5’ upstream sense primers and downstream 3’ antisense 

oligo (table 3).  However, first 2 PCR fragments which overlapped at the site of mutation 

were generated using the first 5’ upstream sense primer and a 3’ antisense oligo unique 

to each desired mutated nucleotide sequence and the same downstream 3’ terminal 

primer but with a 5’ sense primer unique to each desired mutated nucleotide sequence. 

The second upstream 5’ sense primer and the downstream 3’ antisense terminal primer 

from the downstream fragment, were used in a PCR reaction to sow the two pieces 

together and generate each mutant recombinant 1LG4-5 construct.  A list and diagram 

of the actual oligos utilized to construct 1LG4-5/WT can be found in table 2; while table 

3, provides the analogous information for the mutant recombinant mouse 1 LG4-5.  A 

comprehensive list of the 1 LG4-5 recombinant proteins and their designations can be 

found in table 4: 

1. 1LG4-5/WT-pRCX3Nf - An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the CMV 

promoter in the pRCX3 expression vector. 

2. m1LG4-5/WT-RSV Nf -  An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the RSV 

promoter in the pRCX3 expression vector. 
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3. m1LG4-5/WT-m1 Nf - An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the mouse 

1 laminin promoter in the pRCX3 expression vector. 

4. m1LG4-5/WT  (1LG4-5/WTNf)  - An expression construct expressing mouse 1 

LG4-5 with a BM40 signal sequence, followed by an N-terminal FLAG tag, under control 

of the CMV promoter in the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR 

sequence. 

5. m1LG4-5/WTCf  - An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence and a C-terminal FLAG tag, under control of the CMV promoter 

in the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR sequence. 

6. 1LG4-5/WTcon2Nf -  An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the CMV 

promoter in the pcDNA3.1/zeo vector and utilizing the "con2" 5' UTR sequence. 

7. 1LG4-5/WTh2bNf -  An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the CMV 

promoter in the pcDNA3.1/zeo vector and utilizing the "h2b" 5' UTR sequence. 

8. 1LG4-5/WTtomm7Nf - An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the CMV 

promoter in the pcDNA3.1/zeo vector and utilizing the "tomm7" 5' UTR sequence. 

9. 1LG4-5/WTiarsNf - An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the CMV 

promoter in the pcDNA3.1/zeo vector and utilizing the "iars" 5' UTR sequence. 

10. 1LG4-5/WTfdft1Nf - An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the CMV 

promoter in the pcDNA3.1/zeo vector and utilizing the "fdft1" 5' UTR sequence. 
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11. 1LG4-5/WTube2sNf - An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the CMV 

promoter in the pcDNA3.1/zeo vector and utilizing the "ube2" 5' UTR sequence. 

12. 1LG4-5/WTeif4a1Nf - An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal FLAG tag, under control of the CMV 

promoter in the pcDNA3.1/zeo vector and utilizing the "eif4a1" 5' UTR sequence. 

13. m1LG4-5/WT(-f)  - An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence and no epitope tag, under control of the CMV promoter in the 

pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR sequence. 

14. 1LG4-5/WT-IGNf - An expression construct expressing mouse 1 LG4-5 with a Ig  

signal sequence, followed by an N-terminal FLAG tag, under control of the CMV 

promoter in the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR sequence. 

15. 1LG4-5/WT-m1Nf - An expression construct expressing mouse 1 LG4-5 with a 

mouse 1 laminin signal sequence, followed by an N-terminal FLAG tag, under control 

of the CMV promoter in the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR 

sequence. 

16. 1LG4-5/WTNm -  An expression construct expressing mouse 1 LG4-5 with a BM40 

signal sequence, followed by an N-terminal myc tag, under control of the CMV promoter 

in the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR sequence. 

17. 1LG4-5/WTNm3 -  An expression construct expressing mouse 1 LG4-5 with a 

BM40 signal sequence, followed by an N-terminal triple myc tag, under control of the 

CMV promoter in the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR sequence. 

18. 1LG4-5/WTNh -  An expression construct expressing mouse 1 LG4-5 with a BM40 

signal sequence, followed by an N-terminal HA tag, under control of the CMV promoter 

in the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR sequence. 
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19. 1LG4-5/WTNv -  An expression construct expressing mouse 1 LG4-5 with a BM40 

signal sequence, followed by an N-terminal VSV-G tag, under control of the CMV 

promoter in the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR sequence. 

20. 1LG4-5/WTNp -  An expression construct expressing mouse 1 LG4-5 with a BM40 

signal sequence, followed by an N-terminal protein-C epitope tag, under control of the 

CMV promoter in the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR sequence. 

21. 1LG4-5/WTNv5 -  An expression construct expressing mouse 1 LG4-5 with a BM40 

signal sequence, followed by an N-terminal V5 tag, under control of the CMV promoter in 

the pcDNA3.1/zeo vector and utilizing the "con1" 5' UTR sequence. 

22-65. various 1LG4-5/WT point mutations-  A series of expression constructs 

expressing mouse 1 LG4-5 with a BM40 signal sequence, followed by an N-terminal 

FLAG tag, under control of the CMV promoter in the pcDNA3.1/zeo vector and utilizing 

the "con1" 5' UTR sequence are described in Table 4.  Since the construction of all 44 of 

these constructs differ only in the two overlapping oligonucleotide primers utilized to 

substitute Alanines in place of key amino acid residues, they shall not be described here, 

only listed here and in Table 4:  

22. 1LG4-5/RKR2721  23.1LG4-5/RKR2721  24.1LG4-5/RKR2721 

25.1LG4-5/RKR2721  26.1LG4-5/RKR2721  27.1LG4-5/RKR2721 

28.1LG4-5/R2729   29.1LG4-5/R2757   30.1LG4-5/KGRTK2770 

31.1LG4-5/KGRTK2770 32.1LG4-5/KGRTK2770 33.1LG4-5/KGRTK2770 

34.1LG4-5/K2781   35.1LG4-5/K2786   36.1LG4-5/KRK2793 

37.1LG4-5/KRK2793  38.1LG4-5/KRK2793  39.1LG4-5/KRK2793 

40.1LG4-5/KRK2793  41.1LG4-5/RK2820  42.1LG4-5/RK2820 

43.1LG4-5/RK2820  44.1LG4-5/RAR2833  45.1LG4-5/RAR2833 

46.1LG4-5/RAR2833  47.1LG4-5/KDR2860  48.1LG4-5/KDR2860 



69 

 

49.1LG4-5/KDR2860  50.1LG4-5/R2869   51.1LG4-5/RKR2721+KRK2793 

52.1LG4-5/RKR2721+KRK2793      53.1LG4-5/N2714   

54.1LG4-5/N2811   55.1LG4-5/N2900   56.1LG4-5/N2714+N2811 

57.1LG4-5/N2714+N2900 58.1LG4-5/N2811+N2900 59.1LG4-5/N2714+N2811+N2900 

60.1LG4-5/D2747   61.1LG4-5/D2816   62.1LG4-5/D2747+D2816 

63.1LG4-5/D2923   64.1LG4-5/D2996   65.1LG4-5/D2923+D2996 

 

Construction of mouse 1 based expression constructs other than 1LG4-5: 

The wild-type cDNAs for mouse laminin 1 in a pCIS vector (m1-pCIS), human 1 in 

both the pCEP4 (h1-pCEP4) and pCIS (h1-pCIS) vector, and human 1 in a 

pRc/CMV2 vector (h1-pRc/CMV2) have been previously described [296, 299].  A 

comprehensive list of laminin 1 based expression constructs can be found in Table 5.  

Table 6 provides diagrams of all 1 laminin constructs, details of their construction, 

nucleotide sequences of oligonucleotide primers utilized, and amino acid sequences of 

interest coded for by said constructs:  

1. 1WTNm – A 0.660Kb DNA fragment representing the 5’ end of the mature mouse 1 

polypeptide (minus signal sequence) was amplified from the mouse 1 cDNA gene in an 

earlier construct, m1-pCIS [27, 133] utilizing 2 oligonucleotide primers, the upstream 

ma1p4 and downstream ma1F21 (Table 6.1.), PlatPfx (Invitrogen) and a PTC-100 

thermal cycler (MJ Research, Inc.).  Three subsequent overlapping PCRs with additional 

upstream oligonucleotide primers (ha1p8, ha1p9, and ha1p6) were utilized to synthesize 

a 5’ fragment that contained a Not I RE site followed by a 5’UTR, BM40 signal 

sequence, c-myc epitope tag, Enterokinase cleavage site, and the 5’ terminal region of 

mouse 1.  A 0.829Kb 3’ terminal section of the mouse 1 cDNA was amplified with 

primers ma1F20 and ma1F25.  Both the 5’ and 3’ terminal PCR products were digested 
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with RE NotI and BspHI.  m1-pCIS was also digested with BspHI and a  7.719Kb 

restriction fragment gel purified (MoBio UltraClean 15 DNA Purification Kit).  A vector 

which imparts puromycin resistance was created (DHpuro) and linearized with NotI and 

treated with CIP.  Every PCR and restriction digest reaction was cleaned utilizing 

MoBio’s UltraClean PCR Clean-up kit.  T4 DNA ligase was used to ligate the 5’ PCR 

product, 3’ PCR product, and large mouse 1 RE fragment into the prepared puromycin 

based vector.  The ligated material was transformed into DH5 bacteria, plated onto LB-

agar plates containing 10ug/ml ampicillin and resistant clones isolated, grown in LB 

media O/N, and DNA minipreps performed using MoBio’s UltraClean Miniplasmid Prep 

kit. The obtained clones were checked by RE digestions and DNA sequencing of all 

PCR generated sections and ligation junctions was performed. 

2. 1WT – the DHpuro vector was digested with NotI and treated with CIP (Table 6.2.).  

1-wtNm was digested with BspHI and a 7.72Kb fragment of mouse 1 was gel purified.  

Five sequential overlapping PCRs utilizing five different overlapping  upstream primers 

(ma1F29, ma1F28, ma1F5, ma1F6, ma1F26) and a single downstream primer (ma1F21) 

were utilized to synthesize a .77Kb 5’ fragment that contained a NotI RE site followed by 

a 5’UTR, BM40 signal sequence, and the 5’ terminal region of mouse 1.  A second 

PCR product was generated utilizing primers ma1F20 and ma1F25 to amplify the C-

terminal region of m1 and place two C-terminal STOP signals followed by a NotI RE 

site downstream of the mouse 1 sequence.  Both PCR products were digested with 

NotI and BspHI.  The RE digested PCR products and purified gel fragment were then 

ligated together, processed, and analyzed same as above. 

3. 1-WTNf  – The DHpuro vector was digested with NotI and treated with CIP (table 

6.3.).  1-wtNm was digested with BspHI and BstEII.  A 6.88Kb fragment of mouse 1 

was gel purified.  Two sequential overlapping PCRs utilizing two different overlapping  
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upstream primers (ma1F39 and ma1F30) and a single downstream primer (ma1F22) 

were utilized to synthesize a 1.60Kb 5’ fragment that contained a 5’ NotI RE site followed 

by a 5’UTR, BM40 signal sequence, FLAG epitope tag, Enterokinase cleavage 

sequence, the 5’ terminal region of m1, and a 3’ BstEII RE site.  This upstream PCR 

fragment was then digested with NotI and BstEII.  A second PCR utilizing primers 

ma1F20 and ma1F25 was performed to amplify the C-terminal region of mouse 1 and 

place two C-terminal STOP signals followed by a NotI RE site downstream of the mouse 

1 sequence.  This downstream PCR fragment was then digested with BspHI and NotI.  

The RE digested PCR products and purified gel fragment were then ligated together, 

processed, and analyzed same as above. 

4. 1WTNc  - The DHpuro vector was digested with NotI and treated with CIP (table 

6.4.).  1-wtNm was digested with BspHI and BstEII.  A 6.88Kb fragment of mouse 1 

was gel purified.  Three sequential overlapping PCRs utilizing three different overlapping  

upstream primers (ma1F32, ma1F31, and ma1F30) and a single downstream primer 

(ma1F22) were utilized to synthesize a 1.60Kb 5’ fragment that contained a 5’ NotI RE 

site followed by a 5’UTR, BM40 signal sequence, protein C epitope tag, Enterokinase 

cleavage sequence, the 5’ terminal region of mouse 1, and a 3’ BstEII RE site.  This 

upstream PCR fragment was then digested with NotI and BstEII.  A second PCR utilizing 

primers ma1F20 and ma1F25 was performed to amplify the C-terminal region of m1 

and place two C-terminal STOP signals followed by a NotI RE site downstream of the 

mouse 1 sequence.  This downstream PCR fragment was then digested with BspHI 

and NotI.  The RE digested PCR products and purified gel fragment were then ligated 

together, processed, and analyzed same as above. 

5. 1WTNv – The DHpuro vector was digested with NotI and treated with CIP (table 

6.5.).  1-wtNm was digested with BspHI and BstEII.  A 6.88Kb fragment of mouse 1 
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was gel purified.  Three sequential overlapping PCRs utilizing three different overlapping  

upstream primers (ma1F34, ma1F33, and ma1F30) and a single downstream primer 

(ma1F22) were utilized to synthesize a 1.60Kb 5’ fragment that contained a 5’ NotI RE 

site followed by a 5’UTR, BM40 signal sequence, VSV-G epitope tag, Enterokinase 

cleavage sequence, the 5’ terminal region of mouse 1, and a 3’ BstEII RE site.  This 

upstream PCR fragment was then digested with NotI and BstEII.  A second PCR utilizing 

primers ma1F20 and ma1F25 was performed to amplify the C-terminal region of mouse 

1 and place two C-terminal STOP signals followed by a NotI RE site downstream of the 

mouse 1 sequence.  This downstream PCR fragment was then digested with BspHI 

and NotI.  The RE digested PCR products and purified gel fragment were then ligated 

together, processed, and analyzed same as above. 

6. 1WTNh -  The DHpuro vector was digested with NotI and treated with CIP (table 

6.6.).  1-wtNm was digested with BspHI and BstEII.  A 6.88Kb fragment of mouse 1 

was gel purified.  Three sequential overlapping PCRs utilizing three different overlapping  

upstream primers (ma1F100, ma1F111, and ma1F30) and a single downstream primer 

(ma1F22) were utilized to synthesize a 1.60Kb 5’ fragment that contained a 5’ NotI RE 

site followed by a 5’UTR, BM40 signal sequence, HA epitope tag, Enterokinase 

cleavage sequence, the 5’ terminal region of mouse 1, and a 3’ BstEII RE site.  This 

upstream PCR fragment was then digested with NotI and BstEII.  A second PCR utilizing 

primers ma1F20 and ma1F25 was performed to amplify the C-terminal region of mouse 

1 and place two C-terminal STOP signals followed by a NotI RE site downstream of the 

m1 sequence.  This downstream PCR fragment was then digested with BspHI and 

NotI.  The RE digested PCR products and purified gel fragment were then ligated 

together, processed, and analyzed same as above. 
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7. 1WTNm3 - The DHpuro vector was digested with NotI and treated with CIP (table 

6.7.).  1-wtNm was digested with BspHI and BstEII.  A 6.88Kb fragment of mouse 1 

was gel purified.  Four sequential overlapping PCRs utilizing four different overlapping 

upstream primers (ma1F36, ma1F38, ma1F37, and ma1F30) and a single downstream 

primer (ma1F22) were utilized to synthesize a 1.70Kb 5’ fragment that contained a 5’ 

NotI RE site followed by a 5’UTR, BM40 signal sequence, three consequtive c-myc 

epitope tags, Enterokinase cleavage sequence, the 5’ terminal region of mouse 1, and 

a 3’ BstEII RE site.  This upstream PCR fragment was then digested with NotI and 

BstEII.  A second PCR utilizing primers ma1F20 and ma1F25 was performed to amplify 

the C-terminal region of m1 and place two C-terminal STOP signals followed by a NotI 

RE site downstream of the mouse 1 sequence.  This downstream PCR fragment was 

then digested with BspHI and NotI.  The RE digested PCR products and purified gel 

fragment were then ligated together, processed, and analyzed same as above. 

8. 1LNNm – The 1-wtNm construct was digested with NheI and the 6,881bp fragment 

containing mostly vector backbone and some C-terminal ma1 was gel purified and CIP 

treated (table 6.8.).  BM40-myc-EK-ma1-puro was also digested with NheI and BstEII 

and a 3,353bp fragment of mouse 1 was gel purified.  As in the construction of BM40-

myc-EK-ma1-puro, three sequential overlapping PCRs utilizing different upstream 

oligonucleotide primers (ma1F90, ma1F35, and 050604-11) and a single downstream 

primer (050604-13) were utilized to synthesize a 750bp 5’ fragment that contained a 

NheI RE site followed by a 5’UTR, BM40 signal sequence, c-myc epitope tag, 

Enterokinase cleavage site, and the 5’ terminal region of domain V of the mature mouse 

1 polypeptide.  The PCR product was digested with NHeI and BstEII.  All three 

fragments were then ligated and treated as earlier constructs.       
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9. 1LN-LEa(A)Nm - The 1-wtNm construct was digested with BamHI (NEB) and the 

12.598Kb fragment containing the vector backbone and most of the m1 cDNA, minus 

the N-terminal section, was gel purified and CIP treated (table 6.9.).  As in the 

construction of 1-wtNm, three sequential PCRs utilizing different upstream 

oligonucleotide primers and a single downstream primer were utilized to synthesize a 5’ 

fragment that contained a BamHI RE site followed by a 5’UTR, BM40 signal sequence, 

c-myc epitope tag, Enterokinase cleavage site, and mouse 1 polypeptide.  Primers 

ma1F-duh and 050604-10 were used in a PCR of m1-pCIS to generate a .97Kb 

fragment.  This PCR product was then subsequently amplified with ma1F35 and 

050604-10 and then 050604-9 and 050604-10, digested with BamHI, and ligated into the 

BamHI prepared 1-wtNm.   

10. 1LN-LEa(B)Nm - The 1-wtNm construct was digested with BamHI (NEB) and the 

12.598Kb fragment containing the vector backbone and most of the m1 cDNA, minus 

the N-terminal section, was gel purified and CIP treated (table 6.10.).  As in the 

construction of 1-wtNm, three sequential PCRs utilizing different upstream 

oligonucleotide primers and a single downstream primer were utilized to synthesize a 5’ 

fragment that contained a BamHI RE site followed by a 5’UTR, BM40 signal sequence, 

c-myc epitope tag, Enterokinase cleavage site, and mouse 1 polypeptide.  Primers 

ma1F-duh2 and 050604-10 were used in a PCR of m1-pCIS to generate a .61Kb 

fragment.  This PCR product was then subsequently amplified with ma1F35 and 

050604-10 and then 050604-9 and 050604-10, digested with BamHI, and ligated into the 

BamHI prepared 1-wtNm.   

11. 1LN-LEa(C)Nm - The 1-wtNm construct was digested with BamHI (NEB) and the 

12.598Kb fragment containing the vector backbone and most of the m1 cDNA, minus 

the N-terminal section, was gel purified and CIP treated (table 6.11.).  Unlike the 
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construction of 1-wtNm, two separate fragments had to be first generated and then sewn 

together prior to the series of sequential PCRs utilizing different upstream 

oligonucleotide primers and a single downstream primer to synthesize a 5’ fragment that 

contained a BamHI RE site followed by a 5’UTR, BM40 signal sequence, c-myc epitope 

tag, Enterokinase cleavage site, and mouse 1 polypeptide.  Primers ma1F-duh and 

ma1F35 with ma1f-duh3 were used in a PCR of m1-pCIS to generate a .608Kb 

fragment as well as ma1f-duh4 and 050604-10 to generate a .300Kb fragment which 

were combined together and amplified with 050604-9 and 050604-10 to create a single 

.900Kb fragment.  All PCR generated fragments were digested with BamHI (NEB) and 

ligated into the BamHI (NEB) prepared 1-wtNm and treated as earlier constructs. 

12. 1LN-L4b(C)Nm  - The 1-wtNm construct was digested with AflII (NEB) and BamHI 

(NEB).  The 5.41 Kb fragment was replaced with an AflII and BamHI digested PCR 

synthesized fragment.  The 1.2 Kb PCR fragment was synthesized with three sequential 

PCRs using sense primers ma1f-da2, ma1f35, 050604-9 and antisense primer da2-10. 

(table 6.12.).  Both fragments were ligated together, processed, and analyzed same as 

above.  

13. 1LG1-5(A)Nm - The 1-wtNm construct was digested with AflII (NEB) and AgeI 

(NEB) to generate a 9.143Kb and 5.059Kb fragment (table 6.13.).  The 9.143Kb 

fragment was treated with CIP and gel purified.  The excised 5.059Kb fragment was 

replaced with a 2.145Kb PCR fragment generated from the PCR sewing of 2 smaller 

PCR fragments.  A 1.046Kb PCR fragment was obtained using primers dg1 and dg2. A 

second PCR fragment of 1.135Kb was obtained using primers dg3 and dg4.  The two 

fragments, which overlapped, were then sewn together via PCR with dg1 and dg4 to 

generate a C-terminal 2.145Kb m1 laminin fragment in which LG1-5 had been 
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removed, digested with AflII and AgeI, ligated with the 9.143Kb fragment, processed, 

and analyzed same as above. 

14. 1LG1-5(B)Nm – A second approach to creating a full length mouse 1 laminin 

chain construct missing its C-terminal LG1-5 domain was also undertaken in which the 

1-wtNm construct was digested with XhoI (NEB) to generate two RE fragments:  a 9.454 

Kb fragment, representing the vector backbone and the N-terminal half of m1, and a 

4.748Kb fragment containing the C-terminal fragment of m1 which was replaced with a 

1.866Kb PCR fragment generated using PCR oligos dG5 and dG6 to place a STOP 

codon immediately following the end of the coiled-coil domain (table 6.14.).   

15. 1LG1-3Nm – The 1-wtNm expression construct created earlier, was digested with 

XhoI (NEB) to generate two RE fragments:  a 9.454 Kb fragment, representing the 

vector backbone and the N-terminal half of m1, and a 4.748Kb fragment containing the 

C-terminal fragment of m1 which was replaced with a 3.041 Kb PCR fragment 

generated from the PCR sewing of two PCR products.  The C-terminal fragment was 

generated by first amplifying two seperate PCR products from the 1-wtNm construct: a 

1.843 Kb PCR using PCR oligos 050604-1 and 050604-4 and a 1.198 Kb PCR using 

PCR oligos 050604-5 and 050604-6.  These two PCR products were then combined and 

sewn together utilizng PCR with the 050604-1 and 050604-6 PCR primers.  This 

synthesized PCR product was then digested with XhoI and ligated into the 9.454 Kb 

restriction fragment generated earlier (table 6.15.).   

16. 1LG4-5Nm – The 1-wtNm construct created earlier, was digested with XhoI (NEB) 

to generate two RE fragments:  a 9.454 Kb fragment, representing the vector backbone 

and the N-terminal half of m1, and a 4.748Kb fragment containing the C-terminal 

fragment of m1 which was replaced with a 3.6 Kb PCR fragment utilizing PCR primers 

050604-1 and 050604-2 (which placed two STOP codons immediately after LG3 and an 
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XhoI site immediately downstream of the engineered STOP codons).  The PCR product 

was then digested with XhoI and ligated into the 9.454 Kb restriction fragment generated 

earlier (table 6.16.). 

17. 1/RKR2721Nm – The 1-wtNm construct created earlier, was digested with Not I and a 

4.930 Kb RE fragment representing most of the vector backbone was purified (RE 

fragment 1).  A second aliquot of the 1-wtNm construct, was digested with Not I and Nhe 

I to generate a 7.258 Kb RE fragment representing the first ¾ of the mouse 1 chain 

(RE fragment 2).  A 2.035 Kb PCR fragment digested with NotI and NheI was created by 

first synthesizing two seperate PCR products (1st fragment with primers 051206-1 and 

XREV; 2nd fragment with primers XFOR and X3) and then using PCR to sew the two 

pieces together (with primers 051206-1 and X3). The overlapping primers XREV and 

XFOR were utilized to alter the native DNA sequence and introduce the Alanine 

substitutions.  The two restriction endonuclease purified fragments and the digested 

sewn PCR product were ligated together (table 6.17.). 

18. 1/KRK2793Nm – The 1-wtNm construct created earlier, was digested with Not I and a 

4.930 Kb RE fragment representing most of the vector backbone was purified (RE 

fragment 1).  A second aliquot of the 1-wtNm construct, was digested with Not I and Nhe 

I to generate a 7.258 Kb RE fragment representing the first ¾ of the mouse 1 chain 

(RE fragment 2).  A 2.035 Kb PCR fragment digested with NotI and NheI was created by 

first synthesizing two seperate PCR products (1st fragment with primers 051206-1 and 

YREV; 2nd fragment with primers YFOR and X3) and then using PCR to sew the two 

pieces together (with primers 051206-1 and X3).  The overlapping primers YREV and 

YFOR were utilized to alter the native DNA sequence and introduce the Alanine 

substitutions.  The two restriction endonuclease purified fragments and the digested 

sewn PCR product were ligated together (table 6.18.). 
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19. 1/RAR2833Nm – The 1-wtNm construct created earlier, was digested with Not I and a 

4.930 Kb RE fragment representing most of the vector backbone was purified (RE 

fragment 1).  A second aliquot of the 1-wtNm construct, was digested with Not I and Nhe 

I to generate a 7.258 Kb RE fragment representing the first ¾ of the mouse 1 chain 

(RE fragment 2).  A 2.035 Kb PCR fragment digested with NotI and NheI was created by 

first synthesizing two seperate PCR products (1st fragment with primers 051206-1 and 

ZREV; 2nd fragment with primers ZFOR and X3) and then using PCR to sew the two 

pieces together (with primers 051206-1 and X3).  The overlapping primers ZREV and 

ZFOR were utilized to alter the native DNA sequence and introduce the Alanine 

substitutions.  The two restriction endonuclease purified fragments and the digested 

sewn PCR product were ligated together (table 6.19.). 

20. 1Cf  –  The DHpuro vector was digested with NotI and treated with CIP (table 6.20.).  

1-wtNm was digested with BspHI and BstEII.  A 6.88Kb fragment of mouse 1 was gel 

purified.  Four sequential overlapping PCRs utilizing four different overlapping  upstream 

primers (ma1p4, halp8, ha1p9, and ha1p6) and a single downstream primer (ma1F21) 

were utilized to synthesize a 1.60Kb 5’ fragment that contained a 5’ NotI RE site followed 

by a 5’UTR, BM40 signal sequence, Enterokinase cleavage sequence, the 5’ terminal 

region of mouse 1, and a 3’ BspHI RE site.  This upstream PCR fragment was then 

digested with NotI and BspHI.  A second PCR utilizing primers ma1F20 and ma1F25 

was performed to amplify the C-terminal region of m1 and place two C-terminal STOP 

signals followed by a NotI RE site downstream of the mouse 1 sequence.  This 

downstream PCR fragment was then digested with BspHI and NotI.  The RE digested 

PCR products and purified gel fragment were then ligated together, processed, and 

analyzed same as above. 
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21. 1LG1-5Nf – The m1-pRCX3 construct [14] was digested with AflII and SacII and 

the 4.2 Kb fragment, representing all of LG1-5 and ¼ of the coiled-coil domain was 

replaced with a 1.917Kb PCR fragment generated from the same construct but utilizing a 

PCR primer (da3-10) to introduce a new Sac II site and TWO STOP codons after the 

end of the coiled-coil (table 6.21.).   

22. 1LG1-5(A)Cf – The 1-wtNm construct was digested with NotI and BstEII and the 

N-terminal m1 fragment replaced with a PCR fragment generated by four sequential 

overlapping PCRs utilizing four different overlapping upstream primers (ma1p-1, ma1p-

2, ma1p-3, and ha1p-6) and a single downstream primer (ma1F22) to synthesize a 1.6 

Kb 5’ fragment that contained a 5’ NotI RE site followed by a 5’UTR, a BM40 signal 

sequence, the 5’ terminal region of m1, and a 3’ BstEII RE site  (table 6.22.).  This 

upstream PCR fragment was then digested with NotI and BstEII.  Digestion of the 1-

wtNm construct with AflII and NotI yielded a 4.2 Kb fragment that was replaced with a 

much shorter PCR fragment generated by using primers da4-1 and da5-11 to amplify a 

1.9 Kb PCR fragment and introduce a C-terminal FLAG tag followed by two STOP 

codons and a Not I RE site immediately proceeding the coiled-coil region of the m1 

sequence.  The RE digested PCR products and purified gel fragment were then ligated 

together, processed, and analyzed same as above. 

23. 1LG1-5(B)Cf – The m1-pRCX3 construct [14] was digested with AflII and SacII 

and the 4.2 Kb fragment, representing all of LG1-5 and ¼ of the coiled-coil domain was 

replaced with a 1.9 Kb PCR fragment generated from the same construct but utilizing a 

PCR primer (da3-11) to introduce a C-terminal FLAG tag followed by two STOP codons 

and a SacII RE site after the end of the coiled-coil region (table 6.23.).  The m1-pRCX3 

construct was also digested with NotI and BstEII and that N-terminal m1 fragment 

replaced with a PCR fragment generated by four sequential overlapping PCRs utilizing 
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four different overlapping upstream primers (ma1p-1, ma1p-2, ma1p-3, and ha1p-6) and 

a single downstream primer (ma1F22) to synthesize a 1.6 Kb 5’ fragment that contained 

a 5’ NotI RE site followed by a 5’UTR, a BM40 signal sequence, the 5’ terminal region of 

m1, and a 3’ BstEII RE site.  This upstream PCR fragment was then digested with NotI 

and BstEII.  The RE digested PCR products and purified gel fragment were then ligated 

together, processed, and analyzed same as above. 

24. 1LN-L4a(A)Nm – The 1-wtNm construct was digested with BamHI generating 

three fragments: a 1.1 Kb, 1.5 Kb, and 11.6 Kb RE fragment.  The 11.6 Kb fragment was 

purified and CIP treated, while the remaining 2 fragments were discarded.  The 

m1pCIS construct was utilized along with three successive rounds of PCR to 

synthesize a .4 Kb fragment (sense primers: 050604-40, ma1F35, 050604-9 and 

antisense primer 050604-10) which was digested with BamHI  (table 6.24.).  The RE 

digested PCR product and purified gel fragment were then ligated together, processed, 

and analyzed same as above. 

25. 1LN-L4a(B)Nm – The 1-wtNm construct was digested with BamHI generating 

three fragments: a 1.1 Kb, 1.5 Kb, and 11.6 Kb RE fragment.  The 11.6 Kb fragment was 

purified and CIP treated, while the remaining 2 fragments were discarded.  The 

m1pCIS construct was utilized along with three successive rounds of PCR to 

synthesize a .4 Kb fragment (sense primers: 050604-41, ma1F35, 050604-9 and 

antisense primer 050604-10) which was digested with BamHI  (table 6.25.).  The RE 

digested PCR product and purified gel fragment were then ligated together, processed, 

and analyzed same as above. 

26. 1LN-L4a(C)Nm  – The 1-wtNm construct was digested with BamHI generating 

three fragments: a 1.1 Kb, 1.5 Kb, and 11.6 Kb RE fragment.  The 11.6 Kb fragment was 

purified and CIP treated, while the remaining 2 fragments were discarded.  The 
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m1pCIS construct was utilized along with three successive rounds of PCR to 

synthesize a .4 Kb fragment (sense primers: 050604-42, ma1F35, 050604-9 and 

antisense primer 050604-10) which was digested with BamHI  (table 6.26.).  The RE 

digested PCR product and purified gel fragment were then ligated together, processed, 

and analyzed same as above. 

27. 1LN-LEb(A)Nm – The  The 1-wtNm construct was digested with AflII generating 

two fragments: a 8.8 Kb and 5.4 Kb RE fragment.  The 8.8 Kb fragment was purified and 

CIP treated, while the remaining RE fragment was discarded.  The m1pCIS construct 

was utilized along with three successive rounds of PCR to synthesize a 1.9 Kb fragment 

(sense primers: 050604-43, ma1F35, 050604-60 and antisense primer 050604-50) 

which was digested with AflII  (table 6.27.).  The RE digested PCR product and purified 

gel fragment were then ligated together, processed, and analyzed same as above. 

28. 1LN-LEb(B)Nm – The  The 1-wtNm construct was digested with AflII generating 

two fragments: a 8.8 Kb and 5.4 Kb RE fragment.  The 8.8 Kb fragment was purified and 

CIP treated, while the remaining RE fragment was discarded.  The m1pCIS construct 

was utilized along with three successive rounds of PCR to synthesize a 1.8 Kb fragment 

(sense primers: 050604-44, ma1F35, 050604-60 and antisense primer 050604-50) 

which was digested with AflII  (table 6.28.).  The RE digested PCR product and purified 

gel fragment were then ligated together, processed, and analyzed same as above. 

29. 1LN-LEb(C)Nm – The  The 1-wtNm construct was digested with AflII generating 

two fragments: a 8.8 Kb and 5.4 Kb RE fragment.  The 8.8 Kb fragment was purified and 

CIP treated, while the remaining RE fragment was discarded.  The m1pCIS construct 

was utilized in two seperate PCRs which overlapped; the N-terminal  fragment with 

primers 050604-44 and 050604-51 and the C-terminal fragment with primers 050604-48 

and 050604-50.  PCR with the two distant primers 050604-44 and 050604-50 was then 
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utilized to “sew” the two fragments together.  The “sewn” fragment was then subjected to 

two more rounds of PCR with sense primers ma1F35 and 050604-60 and antisense 

primer 050604-50, in order to place a 5’ AflII site, 5’UTR, BM40 signal sequence, myc 

tag, and EK site onto the 5’ end of the fragment which was digested with AflII  (table 

6.29.).  The RE digested PCR product and purified gel fragment were then ligated 

together, processed, and analyzed same as above. 

30. 1LN-L4b(A)Nm – The  The 1-wtNm construct was digested with AflII generating 

two fragments: a 8.8 Kb and 5.4 Kb RE fragment.  The 8.8 Kb fragment was purified and 

CIP treated, while the remaining RE fragment was discarded.  The m1pCIS construct 

was utilized in two seperate PCRs which overlapped; the N-terminal  fragment with 

primers 050604-57 and 050604-52 and the C-terminal fragment with primers 050604-49 

and 050604-50.  PCR with the two distant primers 050604-57 and 050604-50 was then 

utilized to “sew” the two fragments together.  The “sewn” fragment was then subjected to 

two more rounds of PCR with sense primers ma1F35 and 050604-60 and antisense 

primer 050604-50, in order to place a 5’ AflII site, 5’UTR, BM40 signal sequence, myc 

tag, and EK site onto the 5’ end of the fragment which was digested with AflII  (table 

6.30.).  The RE digested PCR product and purified gel fragment were then ligated 

together, processed, and analyzed same as above. 

31. 1LN-L4b(B)Nm – The  The 1-wtNm construct was digested with AflII generating 

two fragments: a 8.8 Kb and 5.4 Kb RE fragment.  The 8.8 Kb fragment was purified and 

CIP treated, while the remaining RE fragment was discarded.  The m1pCIS construct 

was utilized in three overlapping PCRs with the sense primers 050604-66, ma1F35, and 

050604-60 and the anti-sense primer 050604-50 to generate a 1.2 Kb PCR fragment 

with a 5’ AflII site, 5’UTR, BM40 signal sequence, myc tag, and EK site on the 5’ end of 

the PCR fragment which was digested with AflII  (table 6.31.).  The RE digested PCR 
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product and purified gel fragment were then ligated together, processed, and analyzed 

same as above. 

32. 1(A)Nf – Invitrogen’s pcDNA3.1/hygro expression vector was digested with NotI and 

treated with CIP (table 6.32.).  The construct m1pCIS, which containins the mouse 1 

laminin cDNA was digested with BspHI and BstEII.  The resulting 6.88 Kb RE fragment 

representing the majority of the mouse 1 cDNA was gel purified.  Two sequential 

overlapping PCRs utilizing two different overlapping  upstream primers (ma1F39 and 

ma1F30) and a single downstream primer (ma1F22) were utilized to synthesize a 

1.60Kb 5’ fragment that contained a 5’ NotI RE site followed by a 5’UTR, BM40 signal 

sequence, FLAG epitope tag, Enterokinase cleavage sequence, the 5’ terminal region of 

m1, and a 3’ BstEII RE site.  This upstream PCR fragment was then digested with NotI 

and BstEII.  A second PCR utilizing primers ma1F20 and ma1F25 was performed to 

amplify the C-terminal region of mouse 1 and place two C-terminal STOP signals 

followed by a NotI RE site downstream of the mouse 1 sequence.  This downstream 

PCR fragment was then digested with BspHI and NotI.  The RE digested PCR products 

and purified RE gel fragment were then ligated together, processed, and analyzed same 

as above. 

33. 1(B)Nf - In order to easily identify and purify both secreted recombinant mouse 1 

laminin and trimeric recombinant Lm-111 containing recombinant mouse 1, the cDNA 

coding for the 1 chain was removed from m1-pCIS [27, 133] and placed into a 

plasmid under a CMV promoter.  The endogeneous 1 signal sequence was replaced 

with the BM40 signal sequence followed by an N-terminal FLAG epitope tag.  The vector 

also contains the neomycin selectable marker in order to allow selection of positive 

stable permanent mouse 1 expressing clones via the use of G418.  A 1.5 Kb DNA 

fragment from the 5’ end of the m1 gene was prepared by PCR with primers ma1F85 
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and ma1F22 (table 6.33.).  The PCR product was digested with NheI and BstEII REs.  A 

3.7 Kb DNA fragment containing most of the upstream sequence of the m1 cDNA, 

except for a short region at the 5’ end, was isolated by complete digestion of m1-pCIS 

with BstEII and AflII.  A 4.2 Kb DNA fragment containing most of the downstream 

sequence of the m1 cDNA was isolated by complete digestion of m1-pCIS with AflII 

and SacII.  A plasmid derived from pRc/CMV (InVitrogen) containing the BM40 (SPARC) 

signal peptide and FLAG sequence (generously provided by Dr. Billy Hudson, Vanderbilt 

University, Nashville, TN) was digested with NheI and SacII REs, treated with CIP, and 

the 5.6 Kb vector DNA fragment isolated.  The 3 fragments (1 generated via PCR and 

two by RE digestion of m1-pCIS) were then ligated into the prepared vector and 

transformed into DH5 bacteria, processed, and analyzed same as above.   

 

Construction of 1 laminin based expression constructs: 

A comprehensive list of laminin 1 based expression constructs can be found in Table 7.  

Table 8 provides diagrams of all 1 laminin constructs, details of their construction, 

nucleotide sequences of oligonucleotide primers utilized, and amino acid sequences of 

interest coded for by said constructs: 

1. 1WT - The same general approach used to generate 1-wtNm was utilized to 

construct 1WT (table 8.1.).  A short .436Kb N-terminal segment was generated from 

the construct h1-pCIS containing the cDNA of human 1 using two successive rounds 

of PCR with two sense oligos (hb1-20 and then hb1-2) and the same anti-sense oligo 

(hb1-re1) and the final PCR product digested with NheI (NEB) and EcoRI (NEB).  A 

short .469Kb C-terminal segment was also generated via PCR with hb1-re4 and hb1-10 

from h1-pCIS and digested with MluI (NEB) and KpnI (NEB).  A large 4.546Kb RE 

fragment, representing most of the h1 cDNA was gel purified from an EcoRI (NEB) and 
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MluI (NEB) digestion of h1-pCIS.  The expression vector pcDNA3.1/zeo+ (Invitrogen) 

was digested with NheI (NEB) and KpnI (NEB) and treated with CIP (Invitrogen).  The 3 

fragments and vector were ligated together, processed, and analyzed same as above.  

2. 1WTNh - The same approach used to generate 1-wtNm was utilized to construct 

1WTNh, except for the substitution of the hemagglutinin epitope tag (HA; Roche) for the 

myc tag (table 8.2.).  A short .436Kb N-terminal segment was generated from the 

construct h1-pCIS containing the cDNA of human 1 using four successive rounds of 

PCR with four sense oligos (hb1-1, hb1-2, hb1-3, and hb1-4) and the same anti-sense 

oligo (hb1-re1) and the final PCR product digested with NheI (NEB) and EcoRI (NEB).  A 

short .469Kb C-terminal segment was also generated via PCR with hb1-re4 and hb1-10 

from h1-pCIS and digested with MluI (NEB) and KpnI (NEB).  A large 4.546Kb RE 

fragment, representing most of the h1 cDNA was gel purified from an EcoRI (NEB) and 

MluI (NEB) digestion of h1-pCIS.  The expression vector pcDNA3.1/zeo+ (Invitrogen) 

was digested with NheI (NEB) and KpnI (NEB) and treated with CIP (Invitrogen).  The 3 

fragments and vector were ligated together, processed, and analyzed same as above.  

3. 1LNNh - The same approach used to generate 1-wtNh was employed, except 

hb1-23, hb1-25, hb1-3, hb1-4, and hb1-re5 were employed to generate the .919Kb N-

terminal segment which was digested with NheI (NEB) and AatII (NEB) (table 8.3.).  

Also, a 3.314Kb RE fragment, representing most of the h1 cDNA was gel purified from 

an AatII (NEB) and MluI (NEB) digestion of h1-pCIS.  

4. 1LN-LEaNh - The same approach used to generate 1-wtNh was employed, except 

hb1-28, hb1-30, hb1-3, hb1-4, and hb1-re7 were employed to generate the .663Kb N-

terminal segment which was digested with NheI (NEB) and BstEII (NEB) (table 8.4.).  

Also, a 2.753Kb RE fragment, representing most of the h1 cDNA was gel purified from 

a BstEII (NEB) and MluI (NEB) digestion of h1-pCIS.  



86 

 

5. 1WTNv - The same approach used to generate 1-wtNm was utilized to construct 

1WTNh, except for the substitution of the VSV-G epitope tag (Roche) for the myc tag 

(table 8.5.).  A short .44 Kb N-terminal segment was generated from the construct h1-

pCIS containing the cDNA of human 1 using four successive rounds of PCR with four 

sense oligos (hb1-1, hb1-5, hb1-6, and hb1-4) and the same anti-sense oligo (hb1-re1) 

and the final PCR product digested with NheI (NEB) and EcoRI (NEB).  A short .47 Kb 

C-terminal segment was also generated via PCR with hb1-re4 and hb1-10 from h1-

pCIS and digested with MluI (NEB) and KpnI (NEB).  A large 4.55 Kb RE fragment, 

representing most of the h1 cDNA was gel purified from an EcoRI (NEB) and MluI 

(NEB) digestion of h1-pCIS.  The expression vector pcDNA3.1/zeo+ (Invitrogen) was 

digested with NheI (NEB) and KpnI (NEB) and treated with CIP (Invitrogen).  The 3 

fragments and vector were ligated together, processed, and analyzed same as above.  

6. 1LNNv - The same approach used to generate 1-wtNh was employed, except 

hb1-50, hb1-25, hb1-51, hb1-4, and hb1-re5 were employed to generate the .92 Kb N-

terminal segment which was digested with NheI (NEB) and AatII (NEB) (table 8.6.).  

Also, a 3.31 Kb RE fragment, representing most of the h1 cDNA was gel purified from 

an AatII (NEB) and MluI (NEB) digestion of h1-pCIS.  

7. 1LN-LEaNv - The same approach used to generate 1-wtNh was employed, except 

hb1-60, hb1-61, hb1-3, hb1-4, and hb1-re7 were employed to generate the .66 Kb N-

terminal segment which was digested with NheI (NEB) and BstEII (NEB) (table 8.7.).  

Also, a 2.75 Kb RE fragment, representing most of the h1 cDNA was gel purified from a 

BstEII (NEB) and MluI (NEB) digestion of h1-pCIS.  

8. 1WT-Ig - The same general approach used to generate 1-wtNm was utilized to 

construct 1WT (table 8.8.) utilizing a Ig singal sequence instead of BM40.  Successive 

rounds of PCR with sense primers hb1-12 and hb1-8 were utilized with anti-sense primer 
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hb1-re1 to generate the .44 Kb N-terminal fragment which was digested with NheI and 

EcoRI.  Primers hb1-re4 and hb1-10 were utilized to amplify a .47 Kb C-terminal 

fragment which was digested with MluI and KpnI.  Both digested PCR fragments were 

ligated with a 4.55 Kb EcoRI and MluI restriction fragment purified from h1-pCIS and 

expression vector pcDNA3.1/zeo+ (Invitrogen) which had been digested with NheI (NEB) 

and KpnI (NEB) and treated with CIP (Invitrogen).   

9. 1WTNh-Ig - The same general approach used to generate 1-wtNm was utilized to 

construct 1WTNh-Ig (table 8.9.) with an N-terminal HA tag utilizing a Ig singal 

sequence instead of BM40.  Four consecutive rounds of PCR with sense primers hb1-1, 

hb1-2, hb1-7, and hb1-8 along with anti-sense primer hb1-re1 were used to generate the 

.44 Kb N-terminal fragment which was digested with NheI and EcoRI.  Primers hb1-re4 

and hb1-10 were utilized to amplify a .47 Kb C-terminal fragment which was digested 

with MluI and KpnI.  Both digested PCR fragments were ligated with a 4.55 Kb EcoRI 

and MluI restriction fragment purified from h1-pCIS and expression vector 

pcDNA3.1/zeo+ (Invitrogen) which had been digested with NheI (NEB) and KpnI (NEB) 

and treated with CIP (Invitrogen).   

10. 1WTNv-Ig - The same general approach used to generate 1-wtNm was utilized to 

construct 1WTNh-Ig (table 8.10.) with an N-terminal VSV-G tag utilizing a Ig singal 

sequence instead of BM40.  Four consecutive rounds of PCR with sense primers hb1-1, 

hb1-5, hb1-9, and hb1-8 along with anti-sense primer hb1-re1 were used to generate the 

.44 Kb N-terminal fragment which was digested with NheI and EcoRI.  Primers hb1-re4 

and hb1-10 were utilized to amplify a .47 Kb C-terminal fragment which was digested 

with MluI and KpnI.  Both digested PCR fragments were ligated with a 4.55 Kb EcoRI 

and MluI restriction fragment purified from h1-pCIS and expression vector 
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pcDNA3.1/zeo+ (Invitrogen) which had been digested with NheI (NEB) and KpnI (NEB) 

and treated with CIP (Invitrogen).   

 

Construction of 1 laminin based expression constructs: 

A comprehensive list of laminin 1 based expression constructs can be found in Table 9.  

Table 10 provides diagrams of all 1 laminin constructs, details of their construction, 

nucleotide sequences of oligonucleotide primers utilized, and amino acid sequences of 

interest coded for by said constructs. 

1. 1WTCf - The human full length WT 1-chain construct with its endogeneous signal 

sequence and C-terminal FLAG epitope tag under neomycin resistance was constructed 

as previously described [296] (table 10.1.).  

2. 1WT - The human full length WT 1-chain construct with its endogeneous signal 

sequence and no epitope epitope tag under neomycin resistance was constructed as 

previously described [296] (table 10.2.).  

3. 1LNCf - The human full length WT 1-chain construct, 1WTCf , was digested with 

NotI (NEB), generating 3 fragments (table 10.3.).  The largest fragment, 6.867Kb, was 

gel purified and CIPed.  1-wtCf was also digest with ApaLI (NEB) and NotI (NEB) and 

the 4.817Kb fragment representing the C-terminal half of the human 1 chain was gel 

purified.  The N-terminal 1.014Kb fragment was generated by 2 overlapping PCRs with 

GG1, GG3, and GG6 followed by digestion with NotI (NEB) and ApaLI (NEB). The 2 

fragments and vector were ligated together, processed, and analyzed same as above.  

4. 1LN-LEaCf - The human full length WT 1-chain construct, 1WTCf, was digested 

with NotI (NEB), generating 3 fragments (table 10.4.).  The largest fragment, 6.867Kb, 

was gel purified and CIPed.  1-wtCf was also digest with AflII (NEB) and NotI (NEB) and 

the 3.131Kb fragment representing the C-terminal half of the human 1 chain was gel 
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purified.  The N-terminal 334bp fragment was generated by 2 overlapping PCRs with 

GG9, GG4, and GG5 followed by digestion with NotI (NEB) and AflII (NEB). The 2 

fragments and vector were ligated together, processed, and analyzed same as above.   

 

DHpuro – a vector encoding for puromycin resistance, and the vector backbone in most 

of the m1 puromycin based constructs, was constructed by replacing the AvrI-PciI 

1.730Kb fragment of pcDNA3.1/Hygro (Invitrogen) which contained part of the SV40 

promoter and origin, hygromycin resistance, and SV40 polyadenylation signal sequence 

with a PCR fragment synthesized from the puromycin resistance containing vector pPUR 

(Clontech), containing the removed SV40 promoter sequence, puromycin resistance 

gene, a SV40 polyadenylation signal sequence, and a PCR introduced C-terminal PciI 

site. 

 

Transfection and Establishment of Heterotrimeric Recombinant Lm-111s: 

The expression constructs described earlier were linearized by treatment with REs, 

transfected individually and sequentially into the HEK 293 cell line with Lipofectamine 

2000 (Invitrogen), successfully transfected clones selected for using the antibiotic 

specific for each expression construct, and 12 stable clones from each step isolated and 

tested for expression of the transfected recombinant proteins.  The cells were grown in 

media containing: 1X DMEM (Invitrogen) + 10% Fetal Bovine Serum (FBS; Atlanta 

Biologicals) + 1X P/S (1,000 u/ml Prenicillin and 1,000ug/ml Streptomycin; Invitrogen) + 

appropriate antibiotic.  The appropriate antibiotic was: 500ug/ml G418 for  neomycin 

(Sigma-Aldrich), 80-100 ug/ml for zeocin (Invitrogen), and 1 ug/ml for puromycin (Sigma-

Aldrich).  Media from cells were harvested, the cells from the dish isolated, and a portion 

of the media from each clone, normalized based upon cell number, solubilized in 

Laemmli sample buffer, reduced with -mercaptoethanol and boiling, then loaded and 
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run on a 6-12% gradient SDS-PAGE gels.  Proteins were either stained with Coomassie 

Brilliant Blue R-250 for direct visualization or blotted onto PVDF membranes (BioRad) 

using a BioRad electroblotter for Western detection.  Bound protein was detected with 

Lm-111 and antibodies specific for the epitope tag present on each of the expressed 

recombinant proteins.  Autoradiographs were scanned and band intensity correlating to 

expression level of recombinant protein determined by imaging with a BioRad Gel Doc 

2000, analyzed, and quantitated with Quantity One software (BioRad).  A 

comprehensive list of the established recombinant heterotrimeric laminin-111s and the 

individual expression constructs utilized to produce the three chains the recombinant 

heterotrimeric protein is composed of can be found in Table 11.  The designation format 

of Lm-111”N” “X”/”Y”/”Z”  is utilized to refer to the heterotrimeric Lm-111s; where “N” denotes 

any alteration to the native sequence of the chain, “X” denotes the  chain tag, “Y” 

denotes the  chain tag, and “Z” denotes the  chain tag. 

 

 

EXPERIMENTAL RESULTS NOTE 

 One must keep in mind that the generation of expression constructs and production 

of the expressed recombinant proteins encoded for by the given constructs, was and still 

is an ongoing effort, therefore, though some experiments would have benefited from the 

use of certain recombinant proteins that were not tested at the time, those that were 

most appropriate and available at the time of the experiments were utilized when 

possible.  



91 

 

Chapter 3. Production and Characterization of 

recombinant 1LG4-5s. 

Laminin-111 (111; formerly Laminin-1) possesses both architecture-building and cell-

interactive activities.  Work done by our lab and others, have demonstrated that these 

activities are required for laminin’s proper function in many cell systems examined.  We 

have also demonstrated the ability to inhibit proper laminin function via the use of 

proteolytic fragments of laminin, therefore, I decided to further map, identify, and 

characterize the residues that are involved in these activities.  Identification of key 

residues specific to certain binding activities, which I could then mutate in recombinant 

heterotrimeric Lm-111, in conjunction with null cell lines for these binding partners (i.e. 1 

laminin -/-, 1 integrin -/-, and DG -/- cell lines) and cell lines with differential expression 

of laminin receptors, would enable us to further dissect laminin functions and the role of 

these laminin binding partners.  However, due to technical, temporal, and fiscal realities 

along with our own data showing the necessity of LG4+5 for laminin’s proper function, I 

first focused on the elastase proteolytic fragment E3 from the 956 residue 1 C-terminal 

G domain (figure 11).  The 372 residue E3 fragment and constructs we created to mimic 

it, contain a short C-terminal section of LG3 through to the de novo termination site at 

the C-terminus of LG5 (figure 12).  Constructs containing these sequences are refered to 

as 1LG4-5.  In order to understand sequence contributions of LG4 activities, I 

substituted specific amino acid residues with Alanine.  LG4 contains many charged 

residues which are good candidates for identifying binding interactions; including those 

previously identified by Andac et al. [162].  I also made use of the coordinates from Tisi 

et al.’s [305] crystal structure of mouse 2 LG4-5 to homology model mouse 1 LG4-5 

and identify potential candidates to mutate.  The generated mutants showed wide 
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differences in their ability to bind heparin, sulfatide, and dystroglycan; as well as their 

ability to block laminin accumulation and basement membrane formation in Schwann 

cells, fibroblast, and embroid bodies derived from ES cell lines. 
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Section I. Recombinant mouse 1LG4-5s.  

 An expression system for efficient production of recombinant 1LG4-5s and larger 

laminin chains was created by testing a wide assortment of expression factors in order to 

design an optimum expression construct platform.  The recombinant 1LG4-5 was 

utilized to test and perfect much of the system employed in generating the larger more 

complicated and labor intensive laminin chain constructs designed for recombinant 

heterotrimeric laminin-111 production.  Different promoters, 5’ UTR sequences, signal 

sequences, epitope tags, and engineered proteolytic recognition and cleavage 

sequences were tested, these included:  PCMV, PRSV, PSV40, and the mouse 1 laminin 

promoter for driving expression of the recombinant proteins and obtaining maximum 

transcriptional production;  several different 5’ UTR sequences to increase translational 

yields; the signal sequences of BM40, IG, and the endogeneous mouse 1 Lm signal 

sequence for processing and secretion of the expressed recombinant proteins; the 

epitope tags FLAG, myc, mycX3, HA, VSV-G, protein-C, V5, and inclussion of no tag for 

purification and identification purposes; engineered proteolytic cleavage sequences for 

EK and TEV in order to retain the capability to remove the epitope tags from mature 

recombinant proteins; and development not only of individual selectable markers, but 

also, combinations of all three for recombinant hetertrimeric laminin production, these 

included neomycin (neo/G418), zeocin (zeo), hygromycin (hygro), puromycin (puro), and 

blasticidin (blstd) (figure 13A).  These many parts of the expression construct needed to 

be determined, tested, selected, and optimized since their function/efficiency are 

affected by the cellular environment, each other, and other elements of the construct. 
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Section IA. Promoter selection. 

Both the viral promoters CMV and RSV, as well as the endogeneous mouse 1 laminin 

promoter were evaluated not only for their ability to drive recombinant mouse 1LG4-5 

expression in the 293 fibroblast cell line but whether other segments of the construct, 

such as the SV40 promoter, may interfere with expression of the recombinant proteins 

under a CMV promoter.  The m1LG4-5/WT-pRCX3Nf expression construct contains a 

BM40 signal sequence followed by the FLAG epitope tag which is attached to the N-

terminus of mouse 1LG4-5.  Two other constructs were derived from this construct in 

which the CMV promoter was replaced with either the RSV or mouse 1 laminin 

promoter.  Quantitation of the recombinant 1LG4-5 purified from the media of HEK 293 

cells stably transfected with these three constructs, revealed that the CMV promoter 

produced a 3 fold increase in expression over RSV and approxiametly 50 fold over the 

1 Lm promoter (figure 13B).  Furthermore, the addition of retinoic acid (RA) to the cell 

lines stably transfect with constructs under the mouse 1 Lm promoter, resulted in a four 

fold increase in expression.  Therefore, the CMV promoter was selected to drive 

recombinant protein expression of later expression constructs. 

 

Section IB. 5’ UTR sequence selection. 

Nine 5’ UTR sequences were tested to see if any would increase expression levels of an 

N-terminaly FLAG tagged 1LG4-5 sequence under a CMV promoter (figure 13D).  One 

UTR was that which was already present in the 1LG4-5/WT-pRCX3Nf construct, two 

were chosen by generating consensus 5’ UTRs from collating the data collected by 

Kozak [306], and six were the 5’ UTR of genes shown to be highly expressed in 

fibroblast cell lines and found by analyzing NCBI’s gene chip array expression profiles 

database [22].  A single new construct, 1LG4-5/WTNf, was constructed in which the 
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CMV promoter drove the expression of a BM40-FLAG-EK-mouse 1LG4-5 recombinant 

protein in a pCDNA/zeo 3.1 + vector backbone utilizing the “consensus-1” 5’ UTR.  

Further PCR mutagenesis of this new construct was utilized to generate seven other 

constructs in which the "consensus-1” 5’ UTR was replaced with the other selected 5’ 

UTRs.  Thus the nine 5’ UTRs tested were: “consensus-1” (construct 1LG4-5/WTNf) 

and “consensus-2” (construct 1LG4-5/WTcon2Nf) derived from Kozak’s data and others 

[307, 308], the 5’UTR in 1LG4-5/WT-pRCX3Nf, the 5’ UTRs from human histone H2B 

(H2B; construct 1LG4-5/WTh2bNf) [309, 310], human translocase of outer mitochondrial 

membrane 7 homolog (TOMM7; construct 1LG4-5/WTtomm7Nf) [311-313], human 

isoleucyl-tRNA synthetase (IARS; construct 1LG4-5/WTiarsNf) [314, 315], human 

farnesyl-diphosphate farnesyltransferase 1 (FDFT1; construct 1LG4-5/WTfdft1Nf) [316], 

human ubiquitin-conjugating enzyme E2S (UBE2S; construct 1LG4-5/WTube2sNf) [317, 

318], and human eukaryotic translation initiation factor 4A (EIF4A1; construct 1LG4-

5/WTeif4a1Nf) [311-313, 319].  The eight new constructs were transfected into 293 cells, 

stable clones isolated, media harvested, and recombinant 1LG4-5/WT expression 

levels compared (figure 13E).  Clones transfected with the construct utilizing the 

“consensus-1” 5’ UTR (construct 1LG4-5/WTNf) consistently demonstrated a 3-4 fold 

higher expression of the recombinant 1LG4-5 than any other construct.  Therefore, 

future expression constructs were designed utilizing the “consensus-1” 5’ UTR 

sequence. 

 

Section IC. Signal sequence selection. 

An approach similar to the one utilized to generate the expression constructs for testing 

in the “promoter selection” section was utilized to replace the existing BM40 signal 

sequence with either the IG signal sequence or the endogeneous mouse 1 laminin 
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signal sequence.  Harvested media from stably transfected clone isolates of the three 

expression constructs, revealed a 55% increase in expression of 1LG4-5 recombinant 

proteins with a BM40 signal sequence over that of those having an IGk signal sequence 

and 65% over those containing a mouse 1 laminin signal sequence (figure 13C).  SDS-

PAGE analysis and use of a FLAG epitope tag antibody, FLAG M1, which only 

recognizes N-terminal FLAG tags demonstrated that all signal sequences were properly 

cleaved, leaving a free N-terminal FLAG moiety (figure 22D) (data shown only for BM40 

signal sequence). 

 The cleavage of the signal sequence is governed by many factors, one of which is 

that sequences immediately after the C-terminal c-region of the signal sequence may 

affect the cleavage site.  Neural network software programs ACN, SignalP, Signal-NN, 

and SignalP-HMM were used on all proposed constructs prior to their construction, in 

order to make sure that there were no potential alterations in the signal sequence 

cleavage site which may lead to improper cleavage, improper transport, failure to 

secrete, loss of N-terminal epitope tag, or proteolysis.  Figure 14 shows the 

representative results from the analysis of an untagged human 1 laminin chain with it’s 

endogeneous signal sequence in place.  More than 50 constructs were vetted through 

this process prior to their construction (data not shown). 

 

Section ID. Epitope tag selection 

After an exhaustive search, seven epitope tags for which there was antibody, peptide, 

and antibody coupled matrix, commericially available, were chosen for further study: 

FLAG, myc, mycX3, HA, VSV-G, protein-C, and V5 (figure 15A).  Since there was no 

way to predict what effect any tag may have on stability or activity of the 1LG4-5 (or 

other potential recombinant protein) and we had no experience with regards to the 
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behaviour or effectiveness of any of these tags in detection or purification, other than 

FLAG,  expression constructs containing all tags were made, transfected, purified, and 

simulataneously tested and compared to determine the best epitope tags for 1 LG4-5 

production and which tags to test for individual chains in establishment of the 

recombinant heterotrimeric laminin projects.   Individual PCMV driven BM40 signal 

sequence containing expression constructs were created which contained recombinant 

1 LG4-5 with a FLAG (construct 1LG4-5/WTNf), myc (construct 1LG4-5/WTNm), 

mycX3 (construct 1LG4-5/WTNm3), HA (construct 1LG4-5/WTNh), VSV-G (construct 

1LG4-5/WTNv), or protein-C (construct 1LG4-5/WTNp) epitope tag on the N-terminus, 

seperated by an EK cleavage sequence from recombinant mouse 1LG4-5.  The 

epitope tags were also tested on the N-terminus of full length mouse 1 laminin and 

human 1 laminin recombinant proteins.   

 Media was harvested from isolated HEK 293 clones of stably transfected cells 

producing these various tagged Lm expression constructs.  Coomassie blue stained 

PAGE of the affinity purified recombinant 1LG4-5s revealed no proteolytic degradation, 

abherrant migration or apparent size changes (figure 15B).  Western analysis revealed 

detection of all epitope tags, no cross-reactivity issues, nor any proteolytic degradation 

(figure 15C).   The observed immunoreactivity on blots with VSV-G and protein-C was 

less than the others.  Furthermore, treatment with enterokinase was confirmed by SDS-

PAGE coomassie blue stained gels and Western analysis, to remove all N-terminal tags 

with no apparent non-specific proteolysis (figure 15C and 22D). 

 

Section IE. Engineered proteolytic cleavage sequence. 

There was a concern that the addition of a non-native signal sequence and an N-

terminal epitope tag may result in improper cleavage, instability, or affect binding 
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activities of the recombinant proteins produced.  Many of the amino acid residues which 

comprise these tags are charged and/or carry bulky side chains.  The FLAG epitope tag 

for instance, is comprised of eight amino acids: N-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys.  

The charged groups of the epitope tags could potentially affect binding activities such as 

multimerization or binding to heparin or sulfatide which are thought to bind mainly 

through a generalized charged interaction.  Furthermore, the N-terminal LN globular 

domains of the individual chains contain the polymerization domains, as well as, heparin 

and integrin binding sites.  Therefore, artificial proteolytic cleavage sites were designed 

into the expression constructs in order to provide a means of removing any N-terminal 

sequence upstream of the cleavage recognition site.  Both Enterokinase (EK) and 

tobacco etch virus protease (TEV) were tested in incubations with EHS Lm-111, 

recombinant Lm-111, and elastase fragment E3 from EHS Lm-111 (data not shown).  

The EHS Lm-111 showed less degradation than the recombinant Lm-111 and TEV 

digested samples demonstrated much more proteolysis than those similarly treated with 

EK.  Incubations at RT and at 40C dramatically reduced proteolysis, however, it then 

became difficult to completely remove all of the epitope tags from the proteins.  The EHS 

purified elastase proteolytic fragment E3 (1LG4-5) did not show any degradation with 

EK or TEV.  Therefore, all N-terminally epitope tagged recombinant proteins were 

designed with an enterokinase recognition and cleavage sequence placed between the 

epitope tag and the recombinant laminin protein so that the tag could be removed from 

the recombinant protein post synthesis and purification.  Figure 22D shows the 

successful removal of the N-terminal FLAG tag from recombinant mouse 1LG4-5/WTNf 

after digestion with Enterokinase.  Enterokinase removal of N-terminal epitope tags was 

also demonstrated with recombinant m1LG4-5/WT proteins bearing N-terminal epitope 

tags: myc, mycX3, HA, VSV-G, protein-C, and FLAG (figure 15C). 
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Section IF. Selection of selectable markers, antibiotics, and expression vectors. 

 The decission to include a unique antibiotic selection with each transfected recombinant 

laminin chain in order to increase expression stability required finding three antibiotics  

which could be used together and the optimal concentrations of each to use when used 

in combinations with the other antibiotics.   Furthermore, the corresponding expression 

constructs containing the selectable resistance genes had to be ameanable to our 

system and the very large full length laminin chains which were to be manipulated. 

 Five antibiotics were examined for their suitability as selectable markers in the HEK 

293 cell line.  “Kill curves” were generated for the five antibiotics and the optimal 

concentration at which to use each, determined: 500ug/ml G418 for neomycin, 80-100 

ug/ml for zeocin, 5 ug/ml for hygromycin, 1 ug/ml for puromycin, and 5ug/ml for 

blasticidin.  Furthermore, all potential combinations of three of the five antibiotics were 

tested utilizing either 100%, 80%, or 60% of each individual antibiotic’s optimum 

concentration.  The combination of either neomycin, zeocin, and puromycin or 

blasticidin, zeocin, and puromycin were the most effective, followed by neomycin-

blasticidin-zeocin and neomycin-blasticidin-puromycin.  Combinantions involving 

neomycin and hygromycin were too lethal for the cells.   

 Despite the determination of puromycin as a desirable selectable marker in the 

expression system being constructed, there was no commercially available expression 

construct with puromycin resistance which was suitable for our purposes.  Therefore, a 

puromycin based expression vector, DHpuro, was created (figure 16).  The constucted 

expression vector provides for CMV promoter driven expression of recombinant genes 

placed in a unique MCS which is followed by the bovine growth hormone poly 

adenylation sequence (BGH pA) for high efficiency expression and polyadenylation of 

recombinant mRNA.  The construct also contains the Streptomyces alboniger 

puromycin-N-acetyl-transferase (pac, puromycin, PuroR) gene under the control of the 
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SV40 early promoter and followed by the SV40 poly adenylation sequence, allowing for 

simultaneous puromycin resistance selection.  There is also a pBR322 origin of 

replication and ampicillin resistance gene for propagation and selection in E. coli.  The 

majority of the mouse 1 chain constructs for recombinant heterotrimeric Lm-111 

production were expressed from this expression vector.  Figure 16B depicts the insertion 

of full length mouse 1 laminin chain into the DHpuro expression vector. 

 

Section IG. Creation of a three dimensional model for 1LG4-5 and selection of 

amino acid residues to examine. 

Since there exists a high degree of sequence conservation between mouse 1 and 2 

LG4-5, 41.4% identity and 56.8% homology (figure 17A and B respectively), the two 

sequences were analyzed using 12 different secondary structure prediction programs, 

the results compliled and compared (figure 18).  The NPS@ analysis suite hosted by the 

IBCP (Institut de Biologie et Chimie des Proteines) in Lyon, France as part of their 

contribution to the PBIL (Pole BioInformatique Lyonnais) was utilized for this analysis.  

The NPS@ server performed the following secondary structure prediction programs:  

DPM, DSC, GOR IV, HNN, PHD, PREDATOR, SIMPA96, SOPM, SOPMA, MLRC, GOR 

I, and GOR III.  Once the results from these analyses were compiled and compared 

among themselves and between 1 and 2, it became apparent that a high degree of 

similarity in the predicted secondary structure between the two alpha chains existed and 

that the predicted 2 secondary structure correlated well with what was observed in the 

generated 2 LG4-5 crystal structure and with the crystal structure for 1 LG4-5 which 

we elucidated later.  The tabulated data was then enhanced further with inclusion of the 

characteristics of the individual amino acids and other data as it became available (figure 

18). 

http://npsa-pbil.ibcp.fr/
http://www.ibcp.fr/
http://pbil.univ-lyon1.fr/
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 The crystal structure of the homolgous mouse 2 LG4-5 was elucidated by Tisi et al., 

in 2000 [305].  Therefore, the data generated by the secondary structure predicition 

programs, as well as other amino acid characteristics, were utilized along with the 

laminin mouse 2 crystal structure coordinates [305] to homology model mouse 1 LG4-

5 using both Swiss-Model in conjunction with Swiss-Pdb Viewer/DeepView on the 

ExPASy (Expert Protein Analysis System; http://www.expasy.org) proteomics server of 

the Swiss Institute of Bioinformatics (SIB) [320] and MODELLER provided by the lab of 

Andrej Sali at Rockefeller Institute (now at UCSF, USA).  Further refinement of the 

proposed structure was accomplished by utilization of energy minimization [321, 322] 

programs  CHARMM, AMBER, GROMOS96, ENCAD, and the secondary structure 

program MEAD, as well as the other data already tabulated (figure 18).  WHAT IF and 

WHAT_CHECK at EMBL [323] were also utilized to check both for minor alterations to 

the three dimensional structure when resolving conflicts and suggesting potential 

consequences of Ala substitutions of key residues we wished to mutate.  This homology 

model, along with tabulated data and afore mentioned programs were used not only to 

generate the final homology model of 1LG4-5 (figure 19), but also, identify likely amino 

acid residue candidates for mutational analysis and the potential consequences of the 

proposed substitutions on the overall structure of 1LG4-5. 

 Two of the known anchors for Lm-111 involve the negatively charged sulfate 

moeities found in heparin and sulfatide, therefore, it was decided to first focus and 

mutate residues most likely to affect these binding sites by mutating positively charged 

amino acid residues.  Despite the high degree of primary and predicted secondary 

structure homology and the fact that both heparin and sulfatide were known to bind the 

LG4-5 of both 1 and 2, when the positively charge amino acid residues, Arg, Lys, and 
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His, were mapped onto the two structures, their locations only occassionaly coincided in 

the primary, secondary, or tertiary structures of the two homologs (figure 20). 

 The homology modeled 1 LG4-5 (residues Ser2665 - Pro3060; comprising the C-

terminal residues from LG3, the LG3-LG4 linker, and LG4 through to the C-terminus of 

LG5) revealed 61 potentially solvent exposed Arg, Lys, and His residues (figures 19-20).  

However, earlier work [162, 324] suggested that the heparin and sulfatide binding sites 

of 1 laminin resided in LG4 of mouse 1 laminin and not LG5; which could potentially 

involve any of the 28 Arg, Lys, or His residues which compose LG4.  This was still an 

overwhelming number of potential candidates to mutate, therefore, a decision was made 

not to mutate any of the His residues due to their restricted torsional constraints and 

proclivity for being involved in demarcation of secondary structure.  This still left a total of 

20 Arg and Lys residues in LG4 to examine via Ala substitution.  This number was 

further reduced by grouping charged residues together which were in close proximity to 

one another and making constructs which contained multiply mutated residues.  

Mutation of 1-3 residues per construct, however, still left 34 potential combinations.  

Eventually, after consulting the homology model, the previously referenced computer 

analysis programs, tabulated data represented in Figure 18, and earlier results; eight 

mutational combinations were chosen for recombinant protein production and inclussion 

in the initial screen:  1LG4-5/RKR2721 (formerly rE3-A), 1LG4-5/RKR2721 (formerly rE3-

A2), 1LG4-5/KGRTK2770 (formerly rE3-D), 1LG4-5/KRK2793 (formerly rE3-G), 1LG4-

5/RK2820 (formerly rE3-H), 1LG4-5/RAR2833 (formerly rE3-I), 1LG4-5/KDR2860 (formerly 

rE3-J), and mutant 1LG4-5/RKR2721+KRK2793 a “double mutant” which was comprised 

of two separate stretches of Ala substituted residues (figure 21).   The bolded and 

underlined characters represent the single letter amino acid code of an amino acid 

substituted with an Ala residue.  None of the proposed Ala substitutions were predicted 
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via the utilized modeling programs to cause folding changes or major structural changes 

such as alterations in -sheets. 

 

Section IH. Generation and expression of recombinant mouse 1LG4-5s. 

Expression constructs of the 1 laminin LG4-5s described earlier, were transfected into 

HEK 293 cells and permanent stable lines established under zeocin selection.  Media 

harvested from recombinant 1LG4-5/WTNf producing 293 cells was crudely purified 

through a gravity heparin column and then the entire heparin bound material was passed 

through a heparin-5PW column and eluted with a 0-1M NaCl gradient on an AKTA FPLC 

system (figure 22A).  The Coomassie blue stained SDS-PAGE gel (figure 22B), and 

subsequent Westerns, of the material revealed several proteins that eluted with the 

recombinant 1LG4-5/WTNf.  Unfortunately, all attempts to obtain significant amounts of 

purified 1LG4-5 free of all other contaminating proteins via further charge, 

hydrophobicity, and sizing chromatography failed (data not shown).  Furthermore, since 

the subsequent recombinant mutant 1LG4-5 proteins would potentially demonstrate 

differences in heparin, charge, and hydrophobicity, any attempts to perfect an untagged 

purely chromatographic means for purification of the recombinant proteins would likely 

be futile as a general method.  Instead the recombinant 1LG4-5s were constructed with 

an N-terminal Enterokinase cleavable epitope tag.  The epitope tag enabled the 

recombinant protein to be purified in a single day from harvested media and the tag 

could be easily and efficiently removed with Enterokinase treatment.  Collected media 

was concentrated by centrifugal filtration (Amicon spin filters), passed through a FLAG 

M2 mAb matrix packed gravity column, the recombinant protein eluted with FLAG 

peptide and the elute was then passed through a heparin-5PW column on an AKTA 

FPLC system.  Thus, the FLAG peptide was recovered for re-use and the recombinant 
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1LG4-5 obtained in the NaCl elute (further concentrating the recombinant protein), was 

exchanged into the buffer of choice through centrifugal filtration (still further 

concentrating the recombinant protein).  The purified recombinant protein obtained was 

completely pure, intact, and demonstrated binding activities similar to the analogous 

EHS purified E3 (figure 22C).  Furthermore, the FLAG epitope tag could be quickly and 

completely removed with Enterokinase treatment (figure 22D). 

 A system of overlapping PCRs, with the internal overlapping oligonucleotide primers 

encoding for the Ala substitution of targeted residues, followed by subsequent PCRs 

with oligonucleotide primers designed to synthesize the 5’/upstream restriction site, 5’ 

UTR, BM40 signal sequence, FLAG epitope tag, and EK cleavage site was utilized 

(figure 22E) to generate the subsequent recombinant mutant 1LG4-5 proteins which 

were purified to homogeneity as previously described (figure 22F).  Recombinant 

1LG4-5/KDR2860 demonstrated a slightly slower migration on SDS-PAGE analysis than 

the other recombinant 1LG4-5s, however, when the recombinant protein was harvested 

from 293 cells grown in the presence of tunnicamycin, the recombinant protein was 

observed to migrate at the same postion/size as the other recombinant 1LG4-5s (data 

not shown); implying it contained a post-translational glycosylation difference when 

compared to the other recombinant 1LG4-5 and that it was this difference which was 

responsible for the observed difference in size compared to the other 1LG4-5s. 

 The different recombinant 1LG4-5s demonstrated no differences in stability, 

proteolytic sensitivity, or multimeric state when examined over time post purification as 

judged by their behaviour when examined by SDS-PAGE, heparin affinity, sulfatide 

ELISA, and sizing columns (data not shown).  Rotary shadow electron microscopy, 

performed by Dr. Peter Yurchenco, of elastase digest fragment E3, recombinant 1LG4-

5/WT, mutant 1LG4-5/KRK2793, and mutant 1LG4-5/RKR2721 revealed 1LG4-5s 
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which all appeared to be morphologically identical: monomeric proteins with two 

bifurcated domains separated by a short linker (figure 22G).  
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Section II.  Characterization of recombinant 1LG4-5s. 

 Stable cell lines were kept under zeocin selection and recombinant 1LG4-5 proteins 

purified from collected media by FLAG chromatography, followed by heparin FPLC, to 

very high homogeneity (figure 22F).  The typical yield of recombinant 1LG4-5s was 

greater than 6.0 ug/ml of harvested culture media from a 3 day incubation once the 

recombinant protein producing cells had reached 80% confluency.  There was no 

observable degradation or contaminating proteins and the FLAG tag was completely 

cleavable by Enterokinase treatment, with no observable adverse affect to the 

recombinant 1LG4-5s (figure 22D).  All recombinant 1LG4-5s were observed to 

migrate at their expected MW, except for 1LG4-5/KDR2860, which ran slightly larger 

than the other recombinant 1LG4-5s (figure 22F).  However, when both 1LG4-

5/KDR2860 and 1LG4-5/WTNf were harvested from cells under tunnicamycin treatment 

they migrated at the same MW, suggesting that the increase in apparent size of 1LG4-

5/KDR2860 is due to a difference in post translational glycosylation of 1LG4-5/KDR2860 

as compared to the other 1LG4-5s.  The tunnicamycin derived 1LG4-5 also 

demonstrated that recombinant 1LG4-5 possess N-linked glycosylation.  Rotary 

shadow electron microscopy of elastase fragment E3 (LG4-5) derived from EHS Lm-

111, recombinant 1LG4-5/WTNf, 1LG4-5/RKR2721, and1LG4-5/KRK2793 all showed a 

similar monomeric appearance with two bifurcated globular domains linked together by a 

small linker region (figure 22G).  Gel filtration of these recombinant proteins on a 

Superose 6 column demonstrated a single peak co-eluting with EHS E3 (data not 

shown).  Both acetylation and non-reducing gel studies of the 1LG4-5/WTNf and mutant 

1LG4-5s showed no differences when compared to E3, the analogous 1LG4-5 

proteolyticaly prepared from Lm-111 isolated from EHS tumor (EHS E3; data not 

shown).    
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Section IIA. Heparin binding affinity of recombinant 1LG4-5s. 

Because heparin affinity of a protein can be directly correlated with the salt concentration 

necessary to elute it from a heparin column or off a heparin coated microtiter plate well, 

the NaCl elution behavior of the different recombinant 1LG4-5 proteins was evaluated 

to determine their relative binding affinities for heparin and thereby the implied relative 

heparin affinity of the amino acid residues mutated in the recombinant proteins.  

Elastase derived EHS fragment E3 (LG4-5), recombinant 1LG4-5/WTNf, enterokinase 

treated 1LG4-5/WTNf, and PNGaseF treated 1LG4-5/WTNf all eluted at 0.252 M NaCl 

(figure 23A).  All mutant 1LG4-5s eluted at salt concentrations lower than WT, with the 

following order of elution from highest to lowest: 1LG4-5/WTNf > 1LG4-5/KDR2860 > 

1LG4-5/RAR2833 > 1LG4-5/KGRTK2770 > 1LG4-5/RKR2721  1LG4-5/KRK2793 > 

1LG4-5/RKR2721 > 1LG4-5/RKR2721+KRK2793.  The actual salt molarities required for 

elution can be found in the binding data summation table 12. The location of these 

residues on the surface of 1 LG4 are shown in figure 23B.  The spatial location on the 

surface of 1LG4-5 and relative degree of contribution to heparin binding of individual 

amino acid residues based upon affinities derived from the salt elution behaviours of the 

various recombinant 1LG4-5s are represented in figure 23B as well as a plot (figure 

23C) of the change in charge of the recombinant mutants in relation to their salt elution 

showing a direct correlation between reduction in charge represented in the mutant 

1LG4-5s and observed decrease in heparin binding. 

 

Section IIB. dystroglycan binding affinity of recombinant 1LG4-5s. 

The affinity of the recombinant 1LG4-5 proteins for DG was evaluated by both a gel 

overlay assay (figure 24A and B) and a solid phase ELISA assay (figure 24C and D) in 

which the recombinant 1LG4-5 proteins were incubated and tested for their ability to 
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bind DG present either transferred onto nitrocellulose filters (gel assay) or immobilized 

in a microtiter plate well (ELISA), respectively.  The recombinant 1 LG4-5 proteins were 

provided to Dr. James Ervasti (University of Minnesota) and the DG binding assays 

performed by Ariana Combs, a technician in his laboratory.  The observed binding 

affinities and relationships between the recombinant 1LG4-5s were consistent between 

the two assays employed.  All mutant recombinant 1LG4-5s showed a decrease in 

DG binding, with mutant 1LG4-5/RKR2721, 1LG4-5/KDR2860, and 1LG4-5/RAR2833 

demonstrating particularly low DG binding affinity.  The order of binding activity was 

1LG4-5/WTNf > 1LG4-5/RKR2721 + KRK2793 > 1LG4-5/KRK2793  1LG4-5/RKR2721 > 

1LG4-5/KGRTK2770 > 1LG4-5/RAR2833 >1LG4-5/KDR2860  1LG4-5/RKR2721.  Two 

suprises were the finding that 1LG4-5/RKR2721 bound DG with higher affinity than 

1LG4-5/RKR2721 and that the recombinant double mutant 1LG4-5/RKR2721+KRK2793, 

bound DG nearly as well as WT and much better than either of the binding activities 

observed for the individual mutants which were combined in this recombinant protein.  

Both recombinant 1LG4-5/WTNf and EHS purified E3 were shown in a gel overlay 

experiment to bind DG with equal affinity (data not shown).  Also, 1LG4-5/WTNf which 

had been enzymatically deglycosylated with PNGaseF demonstrated little if any binding 

to DG (figure 24D).  The generated binding data for the recombinant 1LG4-5s were 

fitted to a single-site binding curve and apparent dissociation constants calculated.  The 

values obtained for the recombinant 1LG4-5s can be found in the binding data 

summation table 12.  The spatial location on the surface of 1LG4-5 and relative degree 

of contribution to DG binding of individual amino acid residues based upon affinities 

derived from the two assays of the various recombinant 1LG4-5s, are represented in 

figure 24E.  
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Section IIC. Sulfatide binding affinity of recombinant 1LG4-5s. 

Binding of 1LG4-5 proteins to immobilized galactosyl sulfatide was also examined. The 

interaction appeared to be specific for lipids bearing a sulfated carbohydrate moeity, 

since no binding was detected with:  the non-sulfated galactosyl-ceramide, ceramide, a 

lipid bearing a sulfated charge in the absence of a carbohydrate moiety (sulfated 

cholesterol), lipids bearing phosphate (e.g. phosphatidyl serine, phosphatidyl choline, 

phosphatidyl ethanolamine, pthosphatidyl inositol, phosphatidyl glycerol, phosphatidic 

acid), or sialic acid (GM1 ganglioside) (figure 25A and B). 

 Binding of recombinant 1LG4-5/WTNf was blocked by heparin (figure 25B), partially 

blocked by EDTA (figure 23C), and not affected by 1-2% Triton. However, the treatment 

of 1LG4-5/WTNf or the EHS derived E3 (1 LG4-5) with AEBSF did result in a complete 

abolishment of their ability to bind sulfatide (figure 25C).  This was an unexpected finding 

since we previously believed that AEBSF treatment only inactivated laminin’s 

polymerization activity.  Holly Colognato, from our lab, had previously demonstrated, 

through reaction of Lm with labeled AEBSF, elastase digestion, and fragment 

purifications, that the vast majority of the AEBSF bound the N-terminal domains of the 

individual laminin chains, however, there was some AEBSF which appeared to bind E3.  

Apparently, this low level of reactivity was sufficient to inhibit the sulfatide binding activity 

of laminin.  The N-terminal FLAG tag was removed from recombinant 1LG4-5/WTNf and 

the “FLAGless” recombinant 1LG4-5/WT compared against recombinant 1LG4-5/WT 

which retained its FLAG tag, and proteolyticaly derived EHS E3.  Detection performed 

both with a Lm-111 polyclonal antibody and the 1 LG1-5 domain specific polyclonal 

antibody rG50 (at low concentration), revealed similar binding affinities for all three 

proteins (data not shown).  The monoclonal HRP-linked antibody M2 (SIGMA) derived 

against the N-terminal FLAG tag common to all recombinant 1LG4-5s and utilized for 
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detection in these assays was compared against the popular rG50 polyclonal Ab 

directed against the 1 LG1-5 domains, and other laminin specific antibodies (data not 

shown).  The polyclonal rG50 antibody appeared to be an effective inhibitor of 

recombinant 1LG4-5 binding to sulfatide. 

 The 1LG4-5 recombinant proteins bound to immobilized sulfatide with different half-

maximal binding values, reflecting differences in affinities (figure 26A).  The 

demonstrated affinities were 1LG4-5/RKR2721  1LG4-5/RKR2721+KRK2793  1LG4-

5/WTNf  > 1LG4-5/KRK2793 1LG4-5/KDR2860  1LG4-5/RKR2721 > 1LG4-

5/KGRTK2770 > 1LG4-5/RAR2833. Recombinant mutant 1LG4-5/RAR2833 interaction 

with sulfatide was greatly reduced.  The generated binding data for the recombinant 

1LG4-5s were fitted to a single-site binding curve and apparent dissociation constants 

calculated.  The values obtained for the recombinant 1LG4-5s can be found in the 

binding data summation table 12.  The spatial location on the surface of 1LG4-5 and 

relative degree of contribution to sulfatide  binding of individual amino acid residues 

based upon affinities derived from the solid phase binding assay of the various 

recombinant 1LG4-5s, are represented in figure 26B. 

   When the recombinant 1LG4-5s were incubated with MEFs which had been loaded 

with BODIPY-sulfatide, extracted, and the 1LG4-5 immunoprecipitated via the N-

terminal FLAG tag, sulfatide bound to the recombinant 1LG4-5s could be measured 

and compared.  The results compared favorably with those obtained in the solid phase 

binding experiments in which the sulfatide had been immobilized on the surface of 

microtiter plate wells.  Recombinant 1LG4-5/RKR2721, 1LG4-5/RKR2721+KRK2793, and 

1LG4-5/WTNf each bound aproximately 2 (2.2 +/-.4) moles of sulfatide per mole of 

recombinant 1LG4-5.  Recombinant 1LG4-5/KRK2793,1LG4-5/KDR2860, and 1LG4-

5/RKR2721 each bound less than 2 moles of sulfatide, while 1LG4-5/KGRTK2770 bound 
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approximately 1 mole and 1LG4-5/RAR2833 almost no sulfatide (figure 26C). The values 

obtained for the recombinant 1LG4-5s can be found in the binding data summation 

table 12. 

 

Section IID. Ability of recombinant 1LG4-5s to inhibit binding of Lm-111 to 

sulfatide. 

The recombinant 1LG4-5 proteins demonstrated different abilities to inhibit binding of 

Lm-111 to sulfatide coated microtiter plate wells.  The total amount of 1LG4-5 

necessary to effect an efficient inhibition was higher than expected, however, inhibition 

was achieved in the following order, from highest to lowest: 1LG4-5/WT > 1LG4-

5/KDR2860 > 1LG4-5/RKR2721 >1LG4-5/KRK2793 >> 1LG4-5/RAR2833.  The analysis 

was complicated by the observation that at very low molar concentrations, all of the 

recombinant 1LG4-5s actually increased the observed binding of Lm-111 prior to 

exerting inhibition at higher concentrations.  This could be explained by the hypothesis 

that there is also a weak association between recombinant 1LG4-5 and the rest of 

laminin, creating a ternary complex.  There was effectively no inhibition of Lm-111 

binding observed by the simultaneous addition of recombinant1LG4-5/RAR2833 (figure 

26D), implying that this mutant had lost all ability to bind sulfatide and thereby the ability 

to block Lm-111 binding to the sulfatide coated microtiter plate wells.  Therefore, the 

RAR2833 sequence of 1 LG4 must be required for sulfatide binding. 

 

Section IIE. Crystalization and structure determination of mouse laminin 1 LG4-

5. 

A collaborative effort was undertaken with Dr. Erhard Hohenester (Imperial College 

London, UK) in order to crystalize and determine the three dimensional structure of 
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mouse 1 LG4-5.  I provided assorted laminin expression constructs and over 80 mg of 

various purified recombinant proteins to the Hohenester laboratory.  Eventually, after 

many attempts, Erhard Hohenester and Sadaf-Ahmahni Hussain were able to crystalize 

and generate the structure of mouse 1 LG4-5, however, only after altering the 

expressed recombinant protein to contain a quadruple mutation, N2714Q / N2811K / N2900Q 

/ C3014S,  in which the unparied Cys3014 and all three N-linked carbohydrate sites were 

removed.   

 Unlike the other alpha laminin chains, the C-terminal LG4-5 domain pair of the 

laminin 1 chain (1LG4-5) contains an unpaired cysteine, Cys3014 (figure 27A, C, and 

E).  Homology modeling and comparison with the crystal structure of the 2 chain 

homolog, lead us to predict that Cys2686 of the linker arm preceeding LG4 would bind to 

Cys2958 of LG5, Cys2845 of LG4 would bind to Cys2870 in the linker arm between LG4-5, 

Cys3024 of LG5 would bind to Cys3055,  analogous to the arrangement in LG4 and in LG4 

and LG5 of the 2 chain, and the third Cysteine in LG5, Cys3014, not found in LG4 or the 

other  chains (figure 27B, D, and F), would remain unpaired and be buried within the 

LG5 globular domain rather than be solvent/surface accessible for potential disulfide 

bridge formation.  Later, solution of the crystal structure of 1LG4-5 would prove us 

correct in our predictions [297].  However, since we found that wild-type 1LG4-5 

preparations always contained a small fraction of disulfide-linked dimers (data not 

shown) and in higher salt often formed a dimer or higher order multimers, we mutated 

Cys3014 to Ser.  Unfortunately, a recombinant 1LG4-5/C3014SNhis construct, replacing 

Cys3014 with Ser and containing an N-terminal His-tag failed to crystallize, even when the 

His tag was removed.  Furthermore, recombinant 1LG4-5/WT with or without an N-

terminal FLAG tag also failed to crystalize (data not shown). 
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 Since 1 LG4-5 contains three predicted potential N-linked glycosylation sites 

(Asn2714, Asn2811, and Asn2900), both PNGaseF and tunnicamycin treatments of 1LG4-

5/WT had demonstrated heteroglycosylation of 1 LG4-5, and glycosylation can cause 

failure of crystal formation, several combinations of mutants were constructed which 

removed the potential N-linked glycosylation Asn.  However, all recombinant proteins 

from these mutant constructs still failed to result in a recombinant 1 LG4-5 which would 

crystallize until a construct was generated which removed the N-terminal His tag and 

consisted of a quadruple mutation, N2714Q / N2811K / N2900Q / C3014S (construct 1LG4-5/ 

N2714Q+N2811K+N2900Q+C3014S, devoid of any N-linked carbohydrate or unpaired Cys. 

The crystal structure of this mutant, was refined at 1.9 Å resolution to Rfree = 0.261.  The 

cystallographic statistics associated with the determination of this structure can be found 

in Appendix Table 1. 

 The obtained crystals contained two crystallographically independent 1LG4-5 

molecules, termed A and B.  Clear electron density were observed for both molecules, 

with the exception of residues 2987-2990, 3032-3034 and 3060 of molecule A, and 

residues 2682-2684 and 3060 of molecule B.  Molecules A and B are very similar in their 

LG4 and LG5 domain structures (r.m.s. deviation 0.36 Å and 0.58 Å, respectively, for all 

C atoms), but differ substantially in their respective domain arrangements.  When the 

molecules are superimposed on their LG4 domains, a rotation by 14.5° is required to 

bring their LG5 domains into superposition.  The pivot point of this rotation is in the linker 

separating LG4 and LG5 from each other, near Tyr2871 (“Y2871”) (figure 28A). 

 Since there is more complete structure data for molecule B, the following detailed 

structure description shall focus on molecule B and data generated from it (figure 28B 

and 28C).  The 1LG4-5 structure consists of two globular LG domains, LG4 and LG5, 

connected by a short linker and interacting through a small interface near the domain 



114 

 

termini (figures 27 and 28).  Each LG domain folds into a curved -sandwich built from 

two antiparallel sheets and contains a single disulfide bond near the C-terminus (figures 

27 and 28).  A third disulfide bond tethers the segment preceding LG4 to an -helical 

turn in LG5.  The interface between LG4 and LG5 is water-filled and predominantly 

polar, and the different conformations of molecules A and B are likely to be due to the 

paucity of specific interactions in the LG4-LG5 interface.  Each of the domains contain 

one bound metal ion, located on the rim of the -sandwich opposite the interdomain 

linker.  These ions have been modelled as magnesium, given their coordination 

geometry and the high magnesium concentration in the crystals, however, in vivo these 

ions are most likely calcium.  Magnesion ion 1, located in LG4, is coordinated 

octahedrally by the side chains of both Asp2747 and Asp2816, the main chain carbonyl 

oxygens of residues Leu2764 and Thr2814, and two water molecules; the average metal-

ligand distance is 2.17 Å.  Magnesion ion 2, located in LG5, is coordinated octahedrally 

by the side chains of both Asp2923 and Asp2996, the main chain carbonyl oxygens of 

residues Asn2940 and Ser2994, and two water molecules; the average metal-ligand 

distance is 2.15 Å.  The unpaired cysteine of 1LG5, Cys3014, is located in the 

convoluted loop that occupies most of the concave face of LG5.  Two predicted N-linked 

glycosylation sites are located in LG4, Asn2714 and Asn2811, and one in LG5, Asn2900.  

Asn2811 in LG4 is close to the metal ion binding site and putative receptor/anchorage 

molecules whose binding affinities are affected in the mutated recombinant mouse 

1LG4-5s. 

 

Section IIF. Structural comparison of 1LG4-5 and 2LG4-5, as well as, 

identification of the similarities and differences between the two proteins in the 

spatial location of key amino acid residues. 
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Mouse laminin 1LG4-5 exhibits 41% sequence identity and 57% homology when 

compared to the corresponding homologous region of the mouse 2 chain (figure 17A 

and B respectively), whereas, the sequence identity to the 3-5 chains is substantially 

lower (less than 30%).  Despite the significant differences in primary sequence, both 1 

and 2 LG4-5 show a high degree of similarity when it comes to secondary structure, 

according to their determined crystal structures (figure 29A and B).  A structural 

comparison of 1 LG4-5 and 2 LG4-5 [305] reveals only a few notable differences at 

the secondary, tertiary, and quatenary level.  LG4 of laminin 1 and 2 can be 

superimposed with an r.m.s. deviation of 0.91 Å for 148 C atoms (figure 29C). The 

major differences between 1 and 2 LG4 are concentrated in the spatially adjacent B-C 

and L-M loops, and in the edge -strand J, which is irregular in 1LG4-5.  The end of the 

B-C loop and start of the C strand, is the location of KRK2721 – one of the crucial 

sequences for DG and heparin binding in 1LG4.  The LG5 domains of 1 and 2 are 

more conserved and can be superimposed with an r.m.s. deviation of 0.59 Å for 153 C 

atoms (figure 29D).  Just like LG4, the major differences are again concentrated in the 

B-C and L-M loops. 

 The relative arrangement of LG4 and LG5 in both 1 LG4-5 and 2 LG4-5 is also 

similar, with the arrangement in 2 LG4-5 more closely resembling molecule B rather 

than molecule A of 1LG4-5.  However, only a few of the contacts in the LG4-LG5 

interface are conserved between the two laminin isoforms (figure 30A and B).  In 1, 

near the pivot point of interdomain flexibility between LG4 and LG5, an aromatic side 

chain from Tyr2871 in the linker region between LG4 and LG5 stacks against Pro3056 near 

the C-terminus of 1 LG5.  Further away from the hinge, a conserved leucine in LG4, 

Leu2703 in 1 LG4, makes a van der Waals contact with a proline in LG5, Pro3052 in 1 
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LG5.  Finally, a conserved Gln, Gln2700 in 1 LG4, points its side chain into the water-

filled cavity within the inter-domain interface (figure 30C).  Conservation of secondary 

structure between 1 and 2 LG4-5 is also quite evident when examining the ribbon 

diagram of figure 30C and D with its depicted -sheet (grey arrows) and random 

coil/loops (green tubes).  Figure 30E is an enlargement of the discussed area in 1 LG4-

5 with the residues mentioned indicated on the ribbon diagram. 

 The location of Cys residues and disulfide linkage arrangements are also conserved 

between 1 and 2 LG4-5, except for the Cys3014 present in the LG5 domain of mouse 

1 (figure 27A and B).  The Cys2686 of the 1 LG3-LG4 linker forms a disulfide bond with 

Cys2958 of LG5 just like Cys2747 does to Cys3017 of 2 (figure 27).  The intradomain 

disulfide linkage between Cys2845 and Cys2870 of 1 LG4 is also represented by the 

Cys2905 and Cys2747 disulfide bond in 2 LG4.  The analogous intradomain disulfide 

linkage between Cys3024 and Cys3055 of 1 LG5 and Cys3083 and Cys3115 of 2 LG5 are 

also present.  The unpaired Cys3014 of 1 LG5 is not present in LG4-5 of 2, 3, 4, or 

5.  Homology modeling correctly predicted, and the crystal structure determination 

confirmed, that Cys3014 would not be present on the surface of the folded state.  

 The homology model also correctly predicted the location of the bound Ca2+ ion in 

both LG4 and LG5 of the 1 chain.  The Asp residues involved and location of the Ca2+ 

binding sites are highly conserved between 1 and 2 LG4-5.  All residues and binding 

arrangements involved in Ca2+ binding are perfectly conserved between 1 and 2, with 

two exceptions:  Thr2814 of 1 LG4 and Ile2874 of 2 LG4, and the replacement of water 

molecules in 2 LG5 with Asp2861.  Both Asp2747 and Asp2816, together with the main 

chain carbonyl oxygens of Leu2764 and Thr2814, along with two water molecules form the 

octahedral binding arrangement for Ca2+ in LG4 of 1.  The analogous site in LG4 of 2 
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is formed by:  Asp2808, Asp2876, Leu2825, Ile2874, and two water molecules.  The LG5 Ca2+ 

co-ordination site in 1 is formed by Asp2923, Asp2996, Asn2940, Ser2994, and two water 

molecules.  While the 2 LG5 site, is formed by Asp2982, Asp3055, Asn2999, Ser3053, and 

Asp2861; instead of water molecules as in 1. 

 Post translational N-linked glycosylation of LG4-5 is not conserved between 1 and 

2 laminin.  Laminin 1 LG4-5 contains three N-linked glycosylation sites:  Asn2714 and 

Asn2811 in LG4 and Asn2900 in LG5.  There is just a single N-linked glycosylation site in 2 

LG4-5, Asn2889 of LG4 and it’s location is not homologous to any of the 1 N-linked sites.   

SDS-PAGE of purified recombinant proteins both mutant and WT, with or without 

tunnicamycin treatment, as well as the crystal structure data for both the 1 and 2 LG4-

5 demonstrate that all four glycosylation sites are utilized and surface accessible.  

Furthermore, in 1 LG4, the Asn2714 glycosylation site can be found in the B-C loop and 

the Asn2811 glycosylation site is located in the loop between the J and K -strands 

adjacent to the Ca2+ binding site and on the rim of a grouping of positively charged 

amino acid residues which encircle the calcium binding site and are crucial for DG and 

heparin binding.   

 The Ca2+ binding sites in LG4-5 are highly conserved between 1 and 2, however, 

the N-linked glycosylation sites are not and 1 contains an extra unpaired Cys residue. 

Furthermore, despite 1 and 2 also binding many of the same ligands within LG4-5, 

the location of the residues involved and spatial location of the binding sites differ 

drastically between the two chains.  These differences also explain both proteins Ca2+ 

requirements in both sulfatide and DG binding, as well as the ability of heparin to block 

the binding of 1, but not 2, LG4-5 to DG. 
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 The location of amino acid residues which carry a charge, either positive (Arg, Lys, 

or His) or negative (Asp and Glu) under physiological pH conditions were mapped to 

both 1 and 2 LG4-5 and compared.  There does not appear to be any general 

conservation of charges in the primary sequence or in tertiary structure locations and 

very few specific conservations outside of those incurred by disulfide linkages and Ca2+ 

coordination.   Electrostatic surface representations of 1 and 2 LG4-5 demonstrate 

patches of positive and negative potential on both LG4 and LG5 of both 1 and 2.      

 Overlay of the C atoms of the proposed mouse 1 LG4-5 homology model with the 

determined crystal structure of 1 LG4-5 resulted in a r.m.s. deviation of .29 Ao, once the 

pivot at Tyr 2871 between the two domains of the homology modeled LG4-5 was altered 

to better align with the two LG domains of the crystal structure.  Furthermore, once the 

residues in the immediate vicinity of the amino acid sequences mutated to enable 

crystalization (Asn2714, Asn2811, Asn2900, and Cys3014) were removed from the analysis, 

the remaining 123 C of LG4 superimposed with a r.m.s. deviation of .13 Ao and the 

remaining 142 C of LG5 with a r.m.s. deviation of .11 Ao.   The extremely minor 

deviations between the homology model and the 1 LG4-5 we were able to eventually 

crystalize demonstrates that the predictive homology model of 1 LG4-5 was extremely 

accurate.  Despite the differences in primary sequence and lack of conservation of 

charged residues, 1 and 2 LG4-5 share a high degree of secondary and tertiary 

structure homology, as first proposed by the predictive programs and homology model, 

then determined/confirmed via crystalization of 1 LG4-5.  Thus, both vindicating the use 

of the 2 crystal structure coordinates to homology model 1 LG4-5 and demonstrating 

the accuracy of the proposed homology model. 
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Section III. Summary 

Mouse Lm-111 is composed of three different chains totaling over 800,000 kDa and 

composed of approximately 6,300 amino acid residues.  The average eukaryotic protein, 

on the other hand, is monomeric and 21 times as small, composed of approxiametly 300 

amino acids (figure 7).  The manipulation of Lm-111 is further complicated by it’s 

heterotrimeric nature.  The mouse 1 laminin chain is 3,084 amino acids long with the 

majority of cell anchorage sites found in the 950 amino acids of the five globular 

domains (LG1-5) which collectively comprise the C-terminal G domain of the  chain 

(figure 7 and 11).  While LG1-3 contains the 61, 64, and 71 integrin binding sites 

as well as the HNK-1 binding site, the LG4-5 domains contained within the 372 residue 

elastase digest fragment E3 (which contains the C-terminal section of LG3, the LG3-LG4 

linker, LG4, and LG5), has been shown to contain heparin, sulfatide, and DG binding 

sites (figure 7 and 12).  In order to better understand these activities, an attempt was 

made to map crucial residues required for binding of these macromolecules, so that we 

could then examine how loss of these functions would affect laminin-111’s role in 

basement membrane formation, differentiation, and cell signaling. 

 

Section IIIA. Expression of recombinant 1LG4-5 proteins.  

An expression system was established that would efficiently produce the highest yield, 

quality, and purity of recombinant 1LG4-5s and much larger laminin chains.  The 

recombinant 1LG4-5 was utilized to test and perfect much of the system employed in 

generating the larger laminin chain constructs.  It’s smaller size and monomeric nature 

made it much more easier to manipulate and manage than the much larger 

heterotrimeric laminin.  The expression vectors utilized contain many parts, many of 

which had several candidates for utilization: promoters - PCMV, PRSV, PSV40, and the 
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mouse 1 Lm promoter; various 5’ UTR sequences; signal sequences – endogeneous, 

BM40, IG, and the mouse 1 Lm signal sequence; epitope tags and their location – 

inclusion of an N-terminal, C-terminal, or internal FLAG, myc, mycX3, HA, VSV-G, 

protein-C, V5, or no tag; engineered proteolytic recognition and cleavage sequence – 

EK, TEV, or no cleavage sequence; and selectable marker – neomycin (neo/G418), 

zeocin (zeo), hygromycin (hygro), puromycin (puro), and blasticidin (blstd) (figure 13A).  

These many parts of the expression construct needed to be determined, tested, 

selected, and optimized since their function/efficiency are affected by the cellular 

environment and other parts of the construct. 

 The viral promoters CMV, RSV, and SV40 demonstrate, not only, different levels of 

expression, but also, each individual promoter can exhibit tissue, including both temporal 

and spatial, and cell line specific differences in expression [325-332].  Furthermore, 

consideration had to be given to such things as promoter interactions, for example: 

SV40’s observed inhibition or enhancement of expression from CMV and RSV 

promoters depending upon the cell line.  Furthermore, since multiple SV40 promoters 

have been shown to decrease expression in some cases, SV40 was not utilized to drive 

expression of the recombinant proteins, becuase the SV40 promoter was already being 

utilized to drive expression of the selectable marker in the constructs.  The same 

promoter eventually chosen for generation of the recombinant 1LG4-5s and other 

laminins was the CMV promoter, however, the RSV and mouse 1 Lm promoter were 

also tested in HEK 293 cells using an 1LG4-5/WTNf construct which contains mouse 1 

LG4-5 expressed under the CMV promoter.  The same CMV based construct was 

utilized to create two other constructs in which the CMV promoter was replaced with 

either the RSV or mouse 1 Lm promoter [333, 334] and all three constructs were stably 

transfected into the HEK 293 cell line.  The CMV promoter demonstrated a threefold 
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expression level increase over RSV and approxiametly 50 times that of the mouse 1 

Lm promoter (figure 13B).  The addition of retinoic acid (RA) to the cell lines stably 

transfected with constructs under the mouse 1 Lm promoter, resulted in a four fold 

increase in expression, however, N6,O2’-dibutyryladenosine 3’,5’-cyclic monophosphate 

(Bt2cAMP) which is also reported in conjunction with RA to further increase expression 

[335] was not tested. 

 The 5’ UTR of eukaryotic mRNAs have been shown to affect gene expression 

through both stimulatory [336-341] and inhibitory [342, 343] mechanisms.   Furthermore, 

the 5’UTR has been demonstrated to contain sequence elements that not only influence 

RNA transcription [344-346], but also, post-transcriptional gene regulation and 

expression, through posttranscriptional modification of RNA via secondary structure and 

mRNA stability [339, 345, 347-351], nucleo-cytoplasmic mRNA transport [352, 353], 

subcellular localization [354, 355]  translation efficiency [337, 341-343, 356-366], and 

other factors [362-366].  Several different 5’UTR sequences, initially identified by 

examining the data of Kozak [306, 367] were further refined via a BLAST [368-373] 

search of GENEBANK together with an examination of NCBI’s gene chip array 

expression profiles databases utilizing NCBI’s Gene Expression Omnibus (GEO) [22, 

374] to identify potential candidate 5’UTR from genes shown to be highly expressed in 

fibroblast cells.  Two 5’UTR sequences were chosen from a 5’UTR consensus sequence 

derived from the data of Kozak [306, 367] and six other 5’UTRs were chosen from genes 

shown to be highly expressed in fibroblasts (figure 13D).  Each of the eight 5’UTRs were 

placed under the control of a CMV promoter in a vector designed to express an N-

terminal FLAG tagged mouse 1 LG4-5, HEK 293 cells transfected, stable clones 

isolated, and their yields of recombinant protein compared (figure 13E).  The ninth 

5’UTR examined was that which is present in the expression construct 1LG4-5/WT-
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pRCX3, constructed earlier and tested previously.  The “consensus-1” 5’ UTR of 5’-

CCCGCCGCCACCATGG clearly and consistently demonstrated the highest yield; 3-4 

fold higher than any other 5’UTR and was, therefore, used in the design of subsequent 

expression constructs. 

 Secreted proteins are synthesized with a 15-25 amino acid long N-terminal signal 

sequence required for its proper transport, cleavage, and secretion [375-377].  In 

eukaryotes this short peptide mediates the interaction between the ribosome and the 

signal recognition particle (SRP) [378], release of SRP from the ribosome [379-381], and 

its own cleavage from the mature polypeptide.  There is no concrete consensus 

sequence for signal sequence, but rather a three region structure each with particular 

characteristics [382, 383].  The positive net charge of the N-terminal “n-region” has been 

shown to influence both the level of translation and efficiency of export [375, 376, 380, 

384, 385], the hydrophobic “h-region” binds the SRP [378], and the neutral but polar C-

terminal “c-region” defines the site of cleavage between the signal sequence and the 

mature protein [375, 377, 382-384, 386, 387] (figure 14).  There is also a strong bias for 

neutral small side chain amino acid residues at postions -1 and -3 of the signal 

sequence for proper cleavage to occur [377, 387].  The m1LG4-5/WT-pRCX3 

expression construct contains the signal sequence for BM40 under the CMV promoter.  

Much like the promoter testing, the BM40 signal sequence was also replaced with either 

the IG or endogeneous mouse 1 Lm signal sequence and all three expression 

constructs stably transfected into HEK 293 cells.  The BM40 signal sequence gave 

approxiametly twice the expression of the recombinant 1 LG4-5 than that observed 

from the IG signal sequence and 65% more than the mouse 1 Lm signal sequence 

(figure 13C).  Both the IG and BM40 signal sequence were also used to make a series 

of full length human 1 laminin chain expression constructs.  Again, the constructs 
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containing the BM40 signal sequence demonstrated higher recombinant protein yields 

than IG. 

 A further complication when dealing with signal sequences is that the sequences 

placed immediately downstream of them may have drastic effects, resulting in either 

improper cleavage or folding, leading to proteolytic degradation, potential loss or gain of 

N-terminal amino acids, potential loss of N-terminal epitope tags or binding activities, or 

improper intracellular trafficking, post-translational modification,  and export.  Therefore, 

all recombinant proteins made were first analyzed and vetted utilizing the adaptive 

encoding artificial neural network programs ACN [388], SignalP, SignalP-NN, and 

SignalP-HMM [389, 390].  These programs were primarily utilized to make sure that 

cleavage occurred where it was designed to and did not remove the epitope tags.  

Figure 14 depicts the computer programs analysis results of just one example from the 

many (more than 50) recombinant proteins evaluated and expressed.  The figure 

includes the signal sequence and analysis results for human 1 laminin without any N-

terminal epitope tag.  This sort of analysis was of particular interest during the 

construction of the trimeric recombinant laminins.  The human 1 Lm chain which 

normally was not exported outside of the cell, even with a BM40 signal sequence, was 

secreated once an N-terminal HA epitope tag was placed on it but not if a VSV-G 

epitope tag was utilized. 

 An epitope tag was placed on the N-terminus of the recombinant proteins in order to 

aid in both their purification and detection.  Seven different tags were chosen to be 

tested based upon their commercially availability as antibody, matrix linked for 

purification purposes, and ability to be eluted under gentle non-denaturing conditions 

from the matrix whether through peptide elution or other mechanism.  All of these tags 

were expressed on the N-terminus of recombinant 1LG4-5s as well as full length 
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mouse 1 recombinant proteins and other laminin chain constructs.  Eight constructs 

were made which contained the mouse 1LG4-5 under a CMV promoter, the 

“consensus-1” 5’UTR, a BM40 signal sequence, and one of seven different epitope tags 

or no tag, and an EK cleavage signal immediately upstream of the 1LG4-5 sequence.  

HEK 293 cells were stably transfected with the constructs, stable lines isolated, media 

collected, and tested.  There was no discernable difference in protein yields between the 

resulting eight different cell lines, nor was there any difference in the quality of the 

recombinant 1LG4-5.  All seven epitope tagged recombinant proteins reacted 

specifically only with their epitope specific antibody (figure 15).  All recombinant proteins 

were of the correct size, none of the recombinant proteins demonstrated degradation of 

any kind nor inappropriate behavior during purification.  The 14 amino acid V5 epitope 

tag (N-Gly-Lys-Pro-Ile-Pro-Asn-Pro-Leu-Leu-Gly-Leu-Asp-Ser-Thr-C; Invitrogen) derived 

from the P and V proteins of the paramyxovirus SV5 [391] was dropped due to it’s length 

and because the peptide and matrix for it became commercially unavailable.  The 12 

amino acid protein-C epitope tag (N-Glu-Asp-Gln-Val-Asp-Pro-Arg-Leu-Ile-Asp-Gly-Lys-

C) derived from the human plasma protein Protein C [392-394] was held for other 

projects (use and suitability as an epitope tag: 395-401).  The calcium binding 

dependency for activity of the protein C antibody would be a convient method for elution 

from matrix [402], however, it was forseen that some of the future purifications and 

experiments would have to be performed in the absence of calcium – either to test the 

role of calcium in certain activities and/or inhibit polymerization of recombinant trimeric 

laminin during purification or experimentation.  Both the 11 amino acid VSV-G epitope 

tag (N-Tyr-Thr-Asp-Ile-Glu-Met-Asn-Arg-Leu-Gly-Lys-C) derived from the vesicular 

stomatitis virus glycoprotein [403; use and suitability as an epitope tag: 404-408] and the 

9 amino acid HA epitope tag (N-Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala-C) derived from 
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the influenza hemagglutinin protein [409; use and suitability as an epitope tag: 410-424] 

were held for other projects; including the epitope tagging of human 1 laminin 

recombinant proteins.  There were two different monoclonal antibodies utilized to detect 

the HA epitope tag, eventhough, the mouse IgG2b, mAb 12CA5 (Roche) was not as 

specific as the rat IgG1 mAb 3F10 [425, 426], the species difference enabled double 

labeling experiments with other antibodies.  Both the 10 amino acid myc (N-Glu-Gln-Lys-

Leu-Ile-Ser-Glu-Glu-Asp-Leu-C) and 30 amino acid triple myc epitope tag (mycX3; same 

10 amino acid residues repeated three times) derived from the human c-myc protein 

[427] were held for other projects; including the epitope tagging of larger mouse 1 

laminin recombinant proteins [use and suitability as an epitope tag: 428-430].  The eight 

amino acid FLAG epitope tag (N-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C; SIGMA) was 

chosen as the epitope tag for expression of recombinant mouse 1LG4-5 proteins.  The 

short nature and inclusion of the enterokinase cleavage sequence within the FLAG 

epitope sequence, along with multiple commercially available epitope specific antibodies 

with different binding characteristics [431-436] made it an ideal epitope tag.  

Unfortunately, the FLAG binding antibodies have often demonstrated unacceptably high 

background binding when used in most immunohistochemical staining procedures.  This 

binding was thought to be non-specific, however, it may be related to a recently 

discovered splicing isoform of Mg2+ dependent protein phosphatase beta (MPP beta) 

[437]. Not only do the FLAG epitope and MPP beta share five of the eight residues 

which comprise the FLAG epitope sequence but the FLAG M2 mAb recognizes MPP 

beta recombinant protein in Westerns and immunohistochemical staining.  

 The N-terminally epitope tagged recombinant proteins were designed with an 

Enterokinase recognition and cleavage sequence placed between the epitope tag and 

the recombinant laminin protein so that the tag could be removed from the recombinant 
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protein post synthesis.  Therefore, if it was found that the tag interfered with processing, 

trafficking, post-translational modification, secretion, or any activity of the recombinant 

protein, or increased its proteolytic sensitivity, it could then be removed post synthesis.  

This was a concern for three reasons: the heparin binding activity observed in 1LG4 

was thought to be a simple general charge interaction and the FLAG epitope contains 

five Asp and two Lys residues which could potentially interact or interfere with binding, 

the N-terminal LN domains of the individual laminin chains contain unmapped 

polymerization activities, and the 1 LN domain also contains integrin and heparin 

binding sites.  Two serine proteases were chosen for testing: the 31 kDa serine protease 

enterokinase (EK) [438] whose recognition sequence is N-Asp-Asp-Asp-Asp-Lys-C [439, 

440] which EK cleaves after the C-terminal Lys residue of the recognition sequence and 

the serine-like proteolytic 27 kDa catalytic domain of the Nuclear Inclusion a (NIa) 

protein encoded by the tobacco etch virus (TEV) [441-444] whose recognition sequence 

we were lead to believe was Glu-Asn-Leu-Tyr-Phe-Gln-Gly, however, experiments by 

others revealed a more permissive recognition sequence of N- Glu-Xaa-Xaa-Tyr-Xaa-Gln-

Gly/Ser-C (with some restrictions on Xaa) [445-447] with cleavage occurring between 

the Gln and Gly/Ser residues.  Furthermore, there are now recombinant variants of TEV 

which are more stable, i.e. no self cleavage [448, 449], however, they were not available 

at the time of testing.  The two protease were tested on purified EHS derived Lm-111, 

recombinant mouse Lm-111, purified recombinant human 1 Lm, EHS derived E3, and 

recombinant mouse 1LG4-5/WTNf (data not shown).  Initially, only the recombinant 1 

Lm showed any degradation by the two proteases.  Later experiments showed 

degradation of the EHS Lm-111, recombinant Lm-111, and purified recombinant human 

1 Lm, though this degradation could be almost completely suppressed in the case of 

the EHS Lm-111 and recombinant Lm-111 if kept at 4oC, however, efficiency of the 
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designed cleavage site also decreased.  In both cases EHS-111 was the least sensitive 

to degradation, not suprising considering the protection derived from it’s hyper-

glycosylated state, followed by mouse recombinant Lm-111, and then human 1 Lm, 

which again was no surprise given the exposure of the unpaired “coiled-coil” region of 1 

without the  and  chains being present.  Furthermore, TEV protease treated samples 

did demonstrate slightly more degradation than their EK treated counterparts and less 

efficient designed clipage of epitope tags.   Treatment with either TEV or EK, revealed 

no degradation of either EHS E3 or recombinant mouse 1LG4-5, except for the 

planned removal of the N-terminal FLAG tag from mouse 1LG4-5.  TEV protease did 

have a HIS tag which would have aided in its separation from recombinant proteins after 

it’s use, however, inactivation of TEV by autoproteolysis was an issue, until later variants 

became available; as was its “soft” recognition sequence and observed higher 

proteolysis of laminins when compared to EK.  EK could be cleared from recombinant 

laminins when necessary based upon its size, inability to bind heparin, and a 

commercially available EK binding resin.  Ultimately, EK was chosen because it would 

require less non-laminin sequence on the N-terminus of the generated recombinant 

proteins and the concern that any “extra” sequence could potentially lead to proteolysis 

or interfere with native activities; such as the polymerization activity mapped to the N-

terminal LN domains when examining full length laminin chains or interefere with binding 

assay’s due to its charged nature or through steric hinderance.  Furthermore, the last 5 

amino acid residues of the eight amino acid FLAG epitope tag, N-Asp-Tyr-Lys-Asp-Asp-

Asp-Asp-Lys-C, are the recognition sequence for EK so there is no extra sequence 

necessary when utilizing an N-terminal FLAG tag and the cleavage occurs immediately 

following the C-terminal Lys, therefore, the epitope tag and cleavage recognition 

sequences are as short as possible and after EK cleavage there are no extraneous 
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amino acid residues left on the N-terminus of the recombinant protein.  Figure 22D 

shows the detection of 1LG4-5 with FLAG epitope monoclonal antibody M2 and 

1LG4-5 polyclonal antibody rG50, pre and post incubation with Enterokinase.  A 

downshift in size is observable when the FLAG tag is removed and it’s immunoreactivity 

to FLAG antibody lost with no further discernable proteolysis.  Furthermore, recombinant 

1LG4-5 with the FLAG epitope tag removed via Enterokinase treatment or construct 

design, demonstrated no difference when compared to 1LG4-5 with an N-terminal 

FLAG tag in either heparin binding, sulfatide binding, or gel filtration.  Clearly, the 

inclussion of the FLAG epitope tag does not appear to alter any of the observed 

activities of recombinant 1LG4-5.  

 While individually expressed recombinant proteins such as the mouse 1LG4-5 only 

require a single selectable marker, the decision was made to utilize three selectable 

markers which could be simultaneously expressed together and have each assigned to 

a laminin chain type so that when heterotrimeric recombinant laminins were produced 

each chain would be under a unique selectable marker.  Furthermore, all markers would 

be on the same expression construct as the laminin chain to which it was assigned in 

order to minimize loss of recombinant expression during transfection and with time 

during passage of the cells.  Each marker was placed under the SV40 promoter in order 

to normalize any effects of promoter differences or interactions.  The hope was to greatly 

reduce the observed rate of recombinant protein loss observed with passage of stable 

cell lines.   Five unique selectable markers were tested: neomycin, zeocin, hygromycin, 

puromycin, and blasticidin.  Neomycin resistance is conferred by the aminoglycoside 

phosphotransferase gene product Tn5 and Tn601 which will inactivate the 

G418/neomycin/geneticin that blocks protein synthesis through interference with 

ribosomal function by binding the 30S and sometimes 50S subunit causing miscoding 
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and inhibiting initiation and elongation during protein synthesis [450-453].  Zeocin 

resistance is conferred by the Sh ble gene product that binds zeocin and inactivates it, 

thereby preventing it from binding and cleaving the cellular DNA [454, 455].  Hygromycin 

resistance is conferred by the hygromycin-B-phospotransferase (HPH) gene product that 

phosphorylates and inactivates hygromycin-B, which binds a single site within the 30S 

subunit region that contains the A, P, and E sites of tRNA and distorts the ribosomal A 

site, preventing it from inhibiting protein synthesis by disrupting translocation and 

promoting mistranslation [456, 457].  Puromycin resistance is conferred by the 

puromycin-N-acetyl transferase (PAC, Puro) gene product which inactivates puromycin 

by acetylation and prevents it’s inhibition of protein synthesis, causing premature chain 

termination by acting as an analog of the 3’ terminal end of aminoacyl-tRNA [458-460].  

Blasticidin resistance is conferred by the blasticidin S deaminase (BSD) gene product 

which inactivates blasticidin by deamination, thereby preventing it’s inhibition of 

translation by inhibiting peptide bond formation [461-465].  “Kill curves” were established 

for each selectable marker individually in the HEK 293 cell line and then in various 

combinations of three markers with each antibiotic at 100%, 80%, and 60% of its optimal 

kill concentration.  The following concentrations for antibiotic usage in HEK 293 cells 

were derived from the kill curves for the individual antibiotics:  500ug/ml for G418 

(neomycin), 80-100 ug/ml for zeocin, 5 ug/ml for hygromycin, 1 ug/ml for puromycin, and 

5ug/ml for blasticidin.  Puromycin was the most efficient killer of cells, in means of time 

and amount of antibiotic necessary; followed shortly be zeocin.  Eventhough blasticidin’s 

effect is quicker and less is required than G418/neomycin, there was not a suitable 

blasticidin based expression vector available at the time, therefore, neomycin was 

chosen over blasticidin.  The combinations of neomycin, zeocin, and puromycin as well 

as blasticidin, zeocin, and puromycin were observed to be the most effective, probably 

because all three antibiotics exhert their activity via different modes of action, while the 
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combinations of neomycin-blasticidin-zeocin and neomycin-blasticidin-puromycin were 

nearly as effective.  Interestingly, any triple combination that involved neomycin, 

hygromycin, and one of the other markers was too toxic for the cells.  The targeting of 

the 30S subunit by both antibiotics may have been too much for the cells to 

accomodate/survive.  Therefore, zeocin (80-100 ug/ml) was selected for recombinant 

1LG4-5 and laminin 1 constructs which were placed into a pcDNA3.1/zeo(+) 

expression vector (Invitrogen), neomycin (500 ug/ml G418) was reserved for laminin 1 

constructs which were placed into a pcDNA3.1/neo(+) expression vector (Invitrogen), 

and puromycin (1 ug/ml) utilized for laminin 1 constructs.  Furthermore, there were no 

acceptable commercially available puromycin based expression vectors, therefore, a 

unique puromycin based expression vector was constructed and used for 1 expression 

constructs: DHpuro.   

 In order to effectively test and compare recombinant 1LG4-5 proteins, a method 

was devised to obtain the recombinant protein in large amounts, efficiently (time and 

money), relatively pure, and without a reduction or alteration in activity.  Despite 1LG4-

5s heparin binding activity, even the combination of heparin affinity and sizing 

chromatography did not produce completely pure 1LG4-5/WTNf protein (figure 22A and 

B).  Furthermore, since the subsequent recombinant mutant 1LG4-5 proteins would 

potentially demonstrate differences in heparin affinity, charge, and hydrophobicity, any 

attempts to perfect a purely chromatographic means for purification of the recombinant 

proteins would be futile since it would need to be constantly refined for each unique 

recombinant protein.  Instead the recombinant 1LG4-5s were constructed with an N-

terminal Enterokinase cleavable FLAG epitope tag which enabled quick and convenient 

purification and detection of the recombinant proteins.  Furthermore, the expression 

constructs were optimized for the best promoter, 5’UTR, and signal sequence in order to 
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produce recombinant levels up to 8 fold higher than anything we had previously 

observed.  The epitope tags in conjunction with heparin affinity chromatography enabled 

the recombinant protein to be purified in a single day from harvested media, easy 

detection, and improved assay performance. 

 

Section IIIB. Generation of a homology model for 1 LG4-5 and selection of 

amino acid residues to mutate. 

It was the conservation of secondary structure, more than primary structure, which was 

responsible for, what would turn out to be a remarkably accurate, homology modeling of 

mouse 1 LG4-5 based upon the crystal structure of mouse 2 LG4-5.  The LG4-5 

sequence from 1 and 2 are only 41% identical and share 57% homology (figure 17), 

however, the summation of twelve secondary structure predicition programs showed an 

extremely high degree of secondary structure conservation between the two divergent 

chains (figure 18).  This allowed generation of a highly accurate homology model for 1 

LG4-5, through the use of the 2 LG4-5 crystal coordinates, secondary prediction 

programs, homology modeling programs, and energy minimization programs.  The 

subsequent determination of the actual crystal structure for 1 LG4-5 by us and it’s 

comparison to the predicted homology model structure reveals that our derived model 

for 1 LG4-5 was very accurate.  This model allowed for the highly focused mutagenesis 

of just a few key residues from almost 400 potential candidates.  Furthermore, the vast 

majority of chosen residues had dramtic affects on the very binding interactions we were 

attempting to disrupt.  Also, further evidence of the accuracy and reliability of our system 

was the dramatic differences in some of the determined binding affinities we observed 

with our recombinant proteins from those obtained by another group which produced 
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only an untagged LG4 for analysis and our identification of novel critical sites for certain 

LG4 activities. 

  

Section IIIC. Characterization of recombinant 1LG4-5s. 

The various generated recombinant 1LG4-5 were tested and compared with regards to 

their binding affinity for: heparin, DG, and sulfatide.  Furthemore, the crystal structure of 

1 LG4-5 was determined, analyzed, and compared against 2 LG4-5. 

 

Section IIIC1. Heparin affinity. 

Laminin mouse 1LG4-5 elastase digest fragment (E3) isolated by heparin 

chromatography of elastase digested Lm-111 purified from EHS tumor, recombinant 

1LG4-5/WTNf, recombinant 1LG4-5/WT in which the FLAG tag had been removed by 

enterokinase treatment, recombinant 1LG4-5/WT with no epitope tag, and PNGaseF 

treated recombinant 1LG4-5/WTNf, all eluted at the same salt concentration (figure 

23A).  The FLAG epitope tag had no affect upon heparin affinity.  PNGase F treated 1 

LG4-5 material demonstrated observable shifts in size based upon SDS-PAGE, 

indicating removal of N-linked glycosylation and no changes in it’s salt elution behavior 

in heparin FPLC.  PNGase F is an amidase that cleaves the glycosidic bond between 

the modified Asp residue and the first GlcNAc moiety.  However, recombinant 1LG4-

5/WT purified from cells grown in the presence of tunicamycin, an inhibitor of N-

acetylglucosamine transferase, not only, demonstrated a decrease in size, but also, a 

dramatic increase in heparin affinity.  Several other heparin binding proteins have 

demonstrated increases in heparin binding when N-linked glycosylation moieties were 

removed, including FGF and midkine.  The lack of an observed change in heparin 

binding of the PNGase F treated 1LG4-5 may be a direct result of the enzymatic 
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reaction which removed the glycosylation moiety from the Asn residue.  The process 

results in the carbohydrate linked Asn being converted into an Asp residue after removal 

of the carbohydrate moeity.  The change in charge as a result of the substitution of Asn 

for Asp, coupled with the strange decrease and then increase in the observed 

mobility/size of 1LG4-5 being digested with PNGase F (perhaps indicating the removal 

of a large charged moiety; data not shown), or potential disruption of the positively 

charged grouping of amino acid residues implicated in heparin binding surrounding the 

glycosylated Asn2811, or potential disruption of the adjacent Ca2+ coordination site, may 

be contributing causes to why the PNGase F treated 1 LG4-5 did not exhibit an 

increase in heparin affinity.  All mutant recombinant 1LG4-5s eluted at a lower salt 

concentration than WT and their decrease in binding seemed to follow in direct relation 

to the number of positively charged residues (Arg or Lys) removed, i.e. the more 

charged groups removed the larger the decrease in heparin binding (figure 23C).   We 

found elution behavior for heparin binding similar to those mutants in common evaluated 

by Andac et. al [162].  Hozumi et. al [466] used an energy minimized homology model of 

1LG4-5 to gain insight into the interactions of LG4 with heparin/heparin sulfate 

proteoglycan syndecan.  They found heparin binding to 1 LG4 dependent upon 

contributions from RKR2721, KRK2793, and, to a lesser extent, KGRTK2770; in full 

agreement with out heparin binding data. 

 

Section IIIC2. DG affinity. 

The ability of the recombinant 1LG4-5s to bind DG was measured via a gel overlay 

assay (figure 24A and B) and an ELISA assay from which binding curves were 

generated and dissociation constants determined (figue 24 C and D).  The results 

observed from both assays were in general agreement with one another.  All mutant 
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recombinant 1LG4-5s show some decrease in DG binding.  Recombinant laminin 

1LG4-5 mutants representing sequences RAR2833, KDR2860, and RKR2721 show the 

largest decrease in DG binding.  The finding that RKR2721 bound DG with higher 

affinity than RKR2721 was suprising given the greater loss of charge of the former 

compared to the latter.  The sequences of RKR2721 and RKR2721, as well as all other 

recombinant proteins, were confirmed by PCR and direct sequencing of genomic DNA 

isolated from the very cells the recombinant proteins were harvested from.  The unusual 

behavior demonstrated may be due to the Lys2720 residue of RKR2721 forming a salt 

bridge with Asp2717 or alterations in either of the adjacent Ca2+ binding site or N-linked 

glycosylation site of Asn2811.  A similar observation could potentially explain the DG 

binding activity of the double recombinant mutant 1LG4-5/RKR2721+KRK2793, which 

binds DG nearly as well as WT and better than either of the binding activities observed 

for the individual mutants which were combined in this recombinant protein. 

  The observation that recombinant 1LG4-5/WTNf which had been enzymatically 

deglycosylated with PNGaseF demonstrated little if any binding to DG must be 

analyzed with two other observations taken into account: the strange mobility shifts 

observed during the time course digestion of 1LG4-5/WTNf, and that the enzymatic 

reaction results in the Asn residue being converted into a negatively charged Asp 

residue after the deglycosylation reaction has been completed.  

 Furthermore, there are some noteable discrepancies between our data and those of 

a previously published study by another group [162].   Our DG assays demonstrated 

only moderately reduced binding for mutants 1LG4-5/KGRTK2770 (145 vs. >3500 nM) 

and 1LG4-5/KRK2793 , whereas, the same mutations led to a complete loss of DG 

binding for the other group.  Furthermore, our 1LG4-5/RAR2833 (2250 vs. 19 nM) and 

1LG4-5/KDR2860 (438 vs 37 nM) also demonstrated significant differences with Andac 
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et al.’s [162] analogous LG4 recombinant proteins.  Several potential reasons exist for 

these discrepancies.  We expressed 1 LG4-5, mimicking the elaste digest fragment E3, 

whereas, the other group expressed their mutants as 1 LG4 only.  The disulfide bond 

observed between the hinge region preceding LG4 (on the N-terminal side of LG4)  that 

bonds with another cysteine within the downstream LG5 linking the two domains 

together, as well as, the analogous production of E3 (1LG4-5) via elastase digestion 

suggest perhaps our recombinant proteins may have been more structurally and 

proteolytically stable.  There were also methodological differences which may have 

contributed to the observed differences.  We discovered that the drying and rehydrating 

that the other group employed, led to loss of activity.  Also, there are distinct advantages 

to utilizing a unique epitope tag placed far away from the residues of interest.  We 

demonstrated that the popular polyclonal 1 G domain antibody rG-50 is capable of 

blocking recombinant 1LG4-5 binding to sulfatide.  The charged amino acid residues 

being replaced in these studies are prime antigenic determinants and often the epitopes 

from which many antibodies are derived.  This could make the use of polyclonal 

antibodies unreliable because there exists a high potential that the binding events being 

measured with polyclonal antibodies are not measuring differences in binding but 

instead are actually measuring differences in antigenic determinants which are present 

or absent.  Furthermore, the unique tag enabled us to eploy a monoclonal antibody 

directly linked with HRP so that all recombinant proteins were measured equally no 

matter what their state and simultaneously avoiding amplification issues arising from use 

of a secondary HRP linked antibody for detection as the other group did.  Finally, we 

utilized a different DG preparation in our study compared to theirs.  We utilized DG 

purified from a rabbit skeletal muscle preparation, whereas, the other group utilized a 

chick lung preparation.  It has been well established that DG demonstrates tissue and 
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temporal specific differences in post-translational modifications and laminin binding 

activity.   

 

Section IIIC3. Sulfatide affinity. 

Binding of recombinant 1LG4-5s to sulfatide (SM4) was examined utilizing an O-

phenylenediamine based colorimetirc ELISA assay in which lipids were bound to 

microtiter plate wells, recombinant proteins added in solution, and binding detected in 

most cases by use of an HRP conjugated FLAG M2 monoclonal antibody.  Many 

different microtiter plates from several different manufacturers were tested; as were 

plating, drying, washing, incubation, BSA preparations, chromagraphic substrates, and 

buffer conditions in order to optimize the assay and provide consistant reproducible 

results (data not shown). 

 The binding of 1 LG4-5 to sulfatide involves the sulfate moiety found on position 3 

of the carbohydrate.  The assays demonstrate that 1LG4-5 binds sulfatide (3’-

sulfogalactosylceramide; SM4) and 3’-sulfoglucosylceramide, quite well, however, it 

does not bind galactosylceramide (the “de-sulfated” analog and precursor of sulfatide), 

glucosylceramide (the “de-sulfated” analog of 3’-sulfoglucosylceramide), 

lactosylceramide, or ceramide (figure 25A).  Furthermore, 1LG4-5 does not bind the 

sulfate moiety present on cholesterol-3-sulfate or the sulfated HNK-1 moiety present on 

SGGL-1 or SGGL-2.  The observed binding is not just a non-specific charge interaction 

either since similar lipids possessing various types of charges do not bind 1G4-5, 

including: N-octanoyl-ceramide-1-phosphate, sphingomyelin, phosphatidic acid, 

phosphatidylglycerol, L--phosphatidylinositol, L--phosphatidylethanolamine, L--

phosphatidylcholine, L--phosphatidylserine, sphingosine-1-phosphate, GM1 
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ganglioside, and a total brain ganglioside preparation.  Mixture of sulfatide with other 

lipids resulted in a corresponding decrease in observed 1LG4-5 binding. 

 Furthermore, immunoprecipitations directed against the FLAG epitope tag present on 

recombinant 1LG4-5s, of cellular extracts from Schwann cells loaded with sulfatide and 

incubated with recombinant 1LG4-5s, were positive for sulfatide and 

immunohistochemical staining revealed co-localization of Lm-111 and sulfatide; neither 

of which occurred if the sulfatide was first desulfated with ASA treatment.  Furthermore, 

co-localization of the Lm-111 and sulfatide on the cell surface could then be re-

established by sulfatide loading of the Schwann cells after ASA treatment.  

 The binding of sulfatide by 1 LG4-5 was blocked by the addition of heparin and 

partially blocked by EDTA (figure 25), whereas, 1-2% Triton X-100 had no affect upon 

binding.  The heparin blockage is not unexpected given the close proximity of critical 

residues for both heparin and sulfatide affinity on mouse 1 LG4.  Mapping of the 

apparent sites on the crystal structure of 1 LG4-5, reveals that the major heparin and 

sulfatide sites may be separated on LG4, however, the long heparin chain would most 

likely sterically block access of sulfatide to at least one of its binding sites on LG4.  It is 

interesting to note how this may explain 1 containing Lm-111’s sensitivity to heparin in 

binding experiments and 2 containing Lm-211’s lack of sensitivity.  The paritial 

inhibition by EDTA is also expected as experimental data has suggested that more than 

one sulfatide molecule binds Lm-111 and at least one of the major sulfatide binding sites 

is clustered around the Ca2+ binding site on LG4.  The EDTA driven decrease in sulfatide 

binding by 1LG4-5 could also be due to a divalent cation being necessary for proper 

sulfatide packing (Ca2+ has been shown to be involved in packing of the carbohydrate 

moiety of the polar heads of sulfatide by interactions between Ca2+ and the sulfate of the 

carbohydrate), proper maintenance of 1 LG4-5 structure, or involvement in a direct 
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binding interaction between 1 LG4-5 and sulfatide.  Furthermore, AEBSF treatment of 

either EHS E3 or 1LG4-5/WTNf resulted in a complete abolishment of their ability to 

bind sulfatide, therefore, treatment of laminin-111 with AEBSF not only abolishes it’s 

polymerization activity, but also, its 1 LG4 mediated anchorage through sulfatide.   

 Recombinant 1LG4-5s, in which select Arg and Lys residues were substituted with 

Ala, were tested and compared for their ability to bind sulfatide in a solid phase ELISA 

assay (figure 26A).  Most mutant 1LG4-5s showed some degree of binding to sulfatide, 

however, mutant 1LG4-5/RAR2833 demonstrated the greatest decrease in binding 

followed by 1LG4-5/KGRTK2770.  The general affinity to sulfatide was 1LG4-5/WT 

similar to 1LG4-5/RKR2721 similar to 1LG4-5/RKR2721+KRK2793 > 1LG4-5/KRK2793 > 

1LG4-5/KDR2860 > 1LG4-5/RKR2721 >> 1LG4-5/KGRTK2770 >>1LG4-5/RAR2833.  

Unlike Andac et al. (1999), we observed mutation of RAR2833 (1LG4-5/RAR2833) and 

KDR2860 (1LG4-5/KDR2860) to have strong effects upon sulfatide binding.  The binding 

activity of 1LG4-5/RKR2721+KRK2793 was unexpected, since it seems to bind sulfatide 

just as well if not better than WT despite consisting of two different clusters of 

substitutions, either of which individualy demonstrated a decrease in sulfatide affinity.  

Again, examination of the structure of 1 LG4-5 may provide some clues to this 

apparently abherrant behavior.  The first Arg residue of RKR2721, found at the start of -

strand C, is involved with a salt bridge to Asp2717 in another sheet and it’s Ala 

substitution may be affecting not only local secondary structure but distant binding sites 

by affecting adjacent secondary structures involved in binding activities.  Furthermore, 

the middle Arg residue of KRK2793 is surface-exposed in the H-I turn of the crystal 

structure and makes two hydrogen bonds with the main chain carbonyl groups in the 

loop between the J and K -strands.  The J-K loop appears to make contact with the 

body of the domain, with four internal water molecules located between the H-I loop in 
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the front and the F-G loop in the back.  This loop is comprised of residues 2808-2815, 

which are part of the calcium binding site (figure 30). 

 The solid phase ELISA assay in which the recombinant 1LG4-5s were used to 

block Lm-111 binding to sulfatide demonstrated that very high concentrations of 

recombinant 1 LG4-5 were necessary to inhibit Lm-111 binding.  This both reflects and 

stresses the contribution of Lm-111’s polymerization activity.  The sulfatide-laminin 

binding interaction is a relatively weak one, however, once laminin begins to polymerize 

and a nucleation propagation event is initiated it would be extremely difficult to compete 

off any polymerized Lm-111 with monomeric 1LG4-5.  Every laminin which joins the 

polymerizing conglomerate would add at least two more sulfatide binding events to the 

collective and once anchored many of those bonds with sulfatide would have to be 

broken by a competing 1LG4-5 to displace the entire conglomerate. That may explain 

why so much 1LG4-5 was necessary to achieve an effective inhibition.  It should be 

noted that even at the extremely high concentrations, 1LG4-5/RAR2833 was unable to 

affect any inhibition of Lm-111 binding to the sulfatide coated microtiter plate wells.  This 

result is in agreement with both the cell lysate IP data that LG4 contains 2 sulfatide 

binding sites and the sulfatide ELISA showing that the substitutions in 1LG4-5/RAR2833 

had the greatest effect upon sulfatide binding (almost a complete loss).  Furthermore, 

the individual recombinant 1LG4-5 sulfatide ELISA data were fitted using a single site 

algorithm, however, the recombinant proteins demonstrating the highest affinity for 

sulfatide (1LG4-5/WT, 1LG4-5/RKR2721+KRK2793, 1LG4-5/RKR2721, and 1LG4-

5/KRK2793) did not fit very well.  Re-fitting utilizing a two-site model did improve the fits 

for some of these recombinant proteins (data not shown).  This along with the other 

recombinant mutants and their mapping to the crystal structure further suggests not only 
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that LG4 contains 2 sulfatide binding sites but that mutation of both Arg2831 and Arg2833 

represented in 1LG4-5/RAR2833 will abolish both binding sites. 

 Furthermore, closer examination of the location of Arg2831 and Arg2833 in the crystal 

structure reveals that the reactive amine for both residues are relatively distant from one 

another and their side chains are oriented away from each other.  Examination of the 

crystal structure and the mutated sequences also reveals that one of the proposed 

sulfatide sites is adjacent to the Ca2+ binding site, while the other is more distant.  Since 

EDTA inhibition of 1LG4-5/WT shows ½ maximal binding, it may be that one of the 

sulfatide binding sites involves the co-ordinated Ca2+ bound to 1 LG4.  Future sulfatide 

binding experiments with individual Ala substitutions of the identified sites involved, in 

conjunction with or without Ca2+, could reveal if some sites are more affected than 

others.  CD spectral analysis of the recombinants may also be informative in examining 

if any mutations resulted in gross secondary structure alterations or if removal of the 

Ca2+ from 1 LG4 via treatment with EDTA does.  

 Unfortunately, the assays with 1LG4-5/RAR2833, 1LG4-5/RAR2833, and 1LG4-

5/RAR2833 could not be repeated in time.  It would also be very informative to repeat 

these inhibition experiments replacing Lm-111 with a polymerization deficient 

recombinant laminin,  1 LG1-5, or an 1LG4-5/WT containing an epitope tag different 

from the FLAG tag on the competing 1LG4-5s, in order to avoid the polymerization 

contribution of Lm-111 which needs to be overcome in order to better analyze the 

competition experiments.   

 

Section IIID. The three dimensional structure of mouse 1LG4-5 and its 

implications for amino acid residues identified to interact with heparin, sulfatide, 

and -dystroglycan. 
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Despite significant differences in primary sequence, secondary and tertiary structure is 

highly conserved between 1 and 2 LG4-5.  Furthermore, laminin 1 LG4-5 binds to 

the same cell surface molecules as α2 LG4-5, but to different residues present in 

different locations on LG4-5 and in some cases in different domains entirely.  Using a 

similar approach as in the present study, Wizemann et al. [467] found that heparin and 

sulfatide binding to α2 LG4-5 were most strongly affected by mutation of KK2871 in LG4 

and KLTKGTGK3095 in LG5, whereas α-DG binding was particularly dependent upon 

residues Arg2803 and KK2871, as well as upon the calcium ion in LG4.  Remarkably, 

neither of these critical sequences correspond to the binding sites identified in α1LG4-5.  

The lack of conservation of functionally important residues in two such closely related 

proteins is unusual.  Perhaps the preponderance of electrostatic interactions available 

for ligand binding by the laminin LG4-5 accounts for the poor conservation of binding 

sites.  It may simply be sufficient to maintain the general basic character of the binding 

surfaces for interaction with some of LG4-5’s ligands.  

 An electrostatic surface representation of 1LG4-5 reveals a large, contiguous 

surface area of positive potential extending over both LG domains, however, the 

greatest concentration and intensity by far is focused in LG4 (figure 29 and 31C).  Basic 

residues implicated in receptor binding [162] are clustered around the metal ion, 

presumptive Ca2+, binding site in LG4.  A particularly striking feature is the spatial 

proximity of two basic sequences implicated in several binding activities, RKR2721 and 

KRK2793, which are located, respectively, at the start of -strand C and in the H-I turn 

(figure 31B).  The B-C loop contains Asn2714, one of LG4’s two glycosylation sites.  Five 

of the six basic side chains of RKR2721 and KRK2793 are fully surface-exposed and 

available for receptor binding.  The only exception is Arg2792, which makes two hydrogen 

bonds with main chain carbonyl groups in the long J-K loop which contains Asn2811, the 
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other glycosylation sites in LG4.   Furthermore, the J-K loop in this region appears to 

make loose contacts with the body of the domain, with four internal water molecules 

located between the H-I loop, which contains KRK2793, in the front, and the F-G loop 

KGRTK2770 in the back (figure 30).  

 Two asparigine residues in laminin α1 LG4, Asn2714

 

and Asn2811, carry bulky glycan 

modifications, are found near clusters of charged amino acid residues implicated in 

binding several ligands, and the N–linked glycosylation status of these residues directly 

influences ligand binding.  Asn2714 has KDR2860 on one side and RK2820 on the other.  The 

second glycosylation site, Asn2811, is also surrounded by a cluster of charge residues.  It 

is lined on one side by KGRTK2770 and on the other by KRK2793.  Furthermore, both 

RKR2721 and the Ca2+ ion can be found on the charged rim below it. 

 With the aid of the new crystal structure for mouse laminin 1 LG4-5 that we have 

generated, the heparin/heparan sulfate binding site of laminin α1 LG4 can be assigned 

to the basic patch made up of RKR2721 and KRK2793.  Only the side chain of Lys2766 from 

the KGRTK2770 sequence is positioned to contribute to heparin binding. The α-DG 

binding site appears to be formed by a larger, semi-circular arrangement of basic side 

chains, with RAR2833 and KDR2860, located away from the heparin binding site, playing a 

key role as well as RKR2721. The metal ion bound to LG4 (expected to be calcium under 

physiological conditions) is likely to be essential for αDG, given that mutation of calcium 

ligands in LG4 of the related laminin α2 chain abolished α-DG binding [467] and that 

equivalent calcium sites in the LG domains of neurexin and agrin are critical for 

biological function.  Sulfatide binding is most strongly affected by mutations of basic 

residues on the upper face of LG4: RAR2833 and KGRTK2770.  The LG4 domain of laminin 

1 likely posses binding sites for two suflatide molecules, one of which requires Ca2+ 
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and both of which are inactivated by the simultaneous mutation of both Arg2831 and 

Arg2833.   

Our earlier findings do not support a role of heparin/heparan sulfates in basement 

membrane anchorage, but instead argue for a prominent role of sulfated glycolipids with 

a signaling and perhaps also an anchorage contribution arising from -DG [71].  

Analysis of general and tissue-specific DG knockouts has revealed an essential role of 

DG for Reichert’s membrane, but not basement membrane formation in muscle, 

peripheral nerve, embroid bodies, and other basement membranes where it may 

function primarily as a signaling receptor.   A recent analysis of cultured breast epithelial 

cells revealed an anchoring activity for DG, raising the possibility that some cells may 

employ DG as an anchor in a manner similar to sulfatide or other sulfated glycolipids. 
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Chapter 4. Production, Characterization, and 

Biological Activity of Heterotrimeric Recombinant 

Laminin-111s. 

Analysis of recombinant fragments of laminin, such as the 1LG4-5s, are not just easier 

to manipulate and study, but necessary in order to keep seperate the polymerization and 

anchorage activities of full length heterotrimeric laminins, so that individual contributions 

to basement membrane formation can be studied.  However, the multiple activities and 

multivariate binding nature of laminin, also makes it necessary to examine mutations in 

the context of the heterotrimeric laminin.  An understanding of these activities and 

binding contributions is required not only because of the importance of basement 

membranes in embryonic development and the pathogenesis of several diseases, but 

also because the insights gained into the process of basement membrane formation 

would provide invaluable data for developing therapeutic approaches to several 

diseases.  Schwann cells, embryonic stem (ES) cells / embroid bodies (EBs), C2C12 

myotubes, and mouse embryonic fibroblasts (MEFs) provided platforms on which to test 

the various recombinant laminin-111 heterotrimeric proteins generated in human 

embryonic kidney fibroblast cell line HEK 293, and evaluate their ability to polymerize, 

ineract with nidogen and type IV collagen, bind on cell surfaces, accumulate, condense, 

form basement membranes, and induce both differentiation and cell signaling events.    
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Section I. Establishment of a mixed species strategy for reliable production of 

recombinant heterotrimeric Lm-111s.   

Several different approaches were attempted in HEK 293 fibroblasts in order to produce 

sufficient levels, purity, and activity of recombinant laminin-111s.  Approaches utilizing all 

mouse chains and all human chains of laminin-111 failed.  Eventually, an approach 

utilizing the mouse 1, human 1, and human 1 chain each with its unique epitope tag 

and selective antibiotic resistance residing on the same expression construct as the 

recombinant chain to which it had been assigned, was developed and utilized for further 

evaluation.  

 

Section IA. Establishment of an all mouse recombinant heterotrimeric Lm-111. 

Our laboratory’s 1997 PNAS article [299] described the first production of recombinant 

trimeric laminin-111.  The mouse 1, 1, and 1 chains were expressed in the human 

embryonic kidney 293 cell line, individually and in combinations.  The 1 chain when 

expressed by itself was expressed with either an N-terminal or C-terminal FLAG tag, 

was mostly secreted, and appeared to be the only chain secreated into the media by 

itself, however, the majority of the 1  was proteolytically degraded (experiment 

performed by Holly Colognato and Todd Mathus).  The major proteolytic fragments were 

275 kDa, 175 kDa, and 150 kDa.  Use of the FLAG epitope tag, N or C terminally, 

allowed the determination that the cleavage site for all three products was within the 

coiled-coil region of the 1 chain.  The 1 and 1 chains were not secreted when 

expressed individually or together, however, when all three chains were expressed 

together, they formed a heterotrimeric molecule and were secreated together and with 

very little degradation of the  chain observed. 
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 The media from the HEK 293 cells was tested for expression of endogeneous Lm-

111 chains prior to and during expression of the recombinant chains, however, the 

species cross-reactivity of the antibodies (except for the FLAG tagged 1 chain) made it 

impossible to definitively prove the trimeric laminin was composed entirely of 

recombinant chains.  This necessitated utilizing RT-PCR not only to verify which laminin 

chain mRNA species were present prior to and post transfection and expression, but 

also, delineate between the potential endogeneous human chains and the transfected 

mouse chains.  RT-PCR verified transfection identity and mRNA expression of the 

recombinant laminin chains and that there was no endogeneous mRNA detected for 

mouse 1, 2, 1, 2, or 1, nor was there any detectable increase in endogeneous 

mRNA expression of any of these endogeneous chains after transfections (figure 32) 

[299]. 

 Unfortunately, with time the transfected cell lines consistently became unstable and 

the expression of recombinant heterotrimeric Lm-111 was repeatedly lost.  The 

progressive loss of recombinant chain expression with passage of stable cell lines was 

observed repeatedly.  In order to help keep stable lines expressing all three chains, it 

was decided that from that point on, each individual laminin chain would have a unique 

selectable marker assigned to it and that each laminin chain expression construct would 

include that selectable marker as part of the construct.   Both mouse 1 and 2 with 

either an N-terminal FLAG tag or no tag were placed into the G418 based expression 

vector pRCX3 (constructs: m1WT-g,  m1WT-gNf, m2WT-g, m2WT-gNf, and m2-

12bp-gNf), mouse 1 into the hygromycin based expression vector pcDNA3.1/hygro 

(m1WT-h), and mouse 1 either with or without a C-terminal FLAG tag into the 

puromycin based expression vector pCEP4 (m1WT-p and m1WT-pCf) (figure 33).  Just 

as in earlier published results [299], mouse 1 was secreted and proteolytically 
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degraded, however, no detectable heterotrimeric laminin was secreted (data not shown).  

The recombinant laminin retained in the cell was highly degraded.  The same RT-PCR 

primers and methods utilized in the 1997 article [299] were repeated and demonstrated 

that the expression constructs were intact and integrated into the transfected cell line 

genomic DNA.  Further attempts to re-establish a permanent recombinant heterotrimeric 

mouse Lm-111 failed.  Eventually, even the actual chain identity of the earlier 

recombinant Lm-111 came under suspicion.  There is the distinct posibility that the 

individual chains which constituted the hetertrimeric Lm-111 may not have all been 

authentic transfected chains and/or a cloning error in which an endogeneous chain had 

replaced a transfected chain may have occured.  Furthermore, it was discovered later 

(we were notified via personal cumminication from Takako Sasaki) that the mouse 1 

cDNA used to make all of the expression construct contained an error within one of the 

EGF repeats and that this sequence error may have been a major contributing factor to 

the failure to re-establish the permanent cell lines.  

   

Section IB. Establishment of an all human recombinant heterotrimeric Lm-111. 

After the failure to establish an all mouse recombinant heterotrimeric Lm-111, a similar 

attempt was made using all human laminin chains.  Like the later generation mouse 

constructs just discussed, each laminin chain had a unique selectable marker included in 

its expression construct, however, unlike the mouse constructs, each expressed chain 

also contained a unique epitope tag.  The epitope tags enabled both chain specific 

detection and purification, creating artificial abilities especially critical with a 

heterotrimeric molecule with potential proteolysis and chain contamination/identity 

issues.  The human 1 chain without any epitope tag, with an N-terminal FLAG epitope 

tag, or a C-terminal FLAG tag were placed into hygromycin (pcDNA3.1/hygro) and G418 
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(pRc/CMV2) selection based expression constructs (figure 34).  Human 1 was also 

expressed in a hygromycin based vector with either its endogeneous signal sequence or 

the BM40 signal sequence and with or without an N-terminal FLAG tag.  Human 1 was 

expressed in a puromycin based vector, with an N-terminal HIS tag or with out a tag.  

Human 1 was expressed in a G418 based vector with and without a C-terminal FLAG 

tag.  Repeated transfections of multiple combinations of the individual chains, all 

resulted in production of recombinant heterotrimeric Lm-111 in which most of the 1 

chain appeared to be processed into 2 smaller fragments:  the same 275 KDa and 150 

KDa sized fragments that were observed previously when attempting to make an all 

mouse Lm-111.  Western blot analysis with chain and domain specific antibodies 

revealed that the cleavage site appeared to be approximately one-third of the way into 

the coiled-coil domain of the 1 chain.   

 A final attempt was made at establishing an all human heterotrimeric recombinant 

laminin-111 by placing human 1 without an epitope tag into a puromycin based vector, 

placing human 1 into a zeocin based vector without an epitope tag, and using the 

already established human 1 either with a C-terminal FLAG epitope tag or no tag in a 

G418 based expression construct.  As in the previous attempts the linearized expression 

construct DNA successfully integrated into the host cell’s genomic DNA and the correct 

full length mRNA was expressed, however, all produced heterotrimeric laminin 

demonstrated a high level of proteolytic cleavage and degradation.  

 The 1 chain was expressed in several different versions and purified via different 

strategies in an attempt to avoid this proteolytic cleavage, including: 1 chains without a 

tag, an N-terminal FLAG tag, a C-terminal FLAG tag, and 1 with its endogeneous 

signal sequence instead of the BM40 signal sequence.  Furthermore, complete 

sequencing of the 1, 1, and 1 expression cDNAs and corresponding mRNAs purified 



149 

 

from the transfected cell lines, as well as the entire mRNA transcript via RT-PCR 

amplification of mRNA harvested from laboratory personel as controls, revealed no 

errors in the expressed recombinant mRNAs for the transfected chains which may have 

suggested why the 1 chain was being proteolyticly cleaved.  Despite all the effort to the 

contrary, there was no apparent means of easily purifying significant amounts of all 

human recombinant heterotrimeric Lm-111 in which the 1 chain had not been 

proteolyticly processed. 

 

Section IC. Adoption of a recombinant mouse 1 / human 1 / human 1 

containing Lm-111 strategy. 

Since the 1 chain demonstrated proteolytic processing issues in all attempts of 

establishing an all human recombinant Lm-111, the all mouse recombinant Lm-111 

demonstrated secretion and extensive proteolysis issues, an extensive panel of 

expression constructs had been created for both the human and mouse 1, 1, and 1 

laminin chains, and a human 1 / human 1 laminin stable cell line had been 

established; a mixed species heterotrimeric recombinant Lm-111 was created by 

transfection of the mouse 1 expression construct into a stable human 1 / human 1 

cell line.  The resulting stable cell line appeared to produce full length heterotrimeric Lm-

111 with no apparent degradation associated with it and became the model system for 

producing future recombinant heterotrimeric laminin-111s. 

 Several expression constructs containing the mouse 1, human 1, and human 1 

laminin chains were made.  Figures 35-37 depict the mouse 1 recombinant proteins 

expressed from the mouse 1 expression constructs made and listed in Table 5.  Table 

6 provides the details concerning the construction of the 1 chain expression constructs.  

Figure 38 depicts the human 1 recombinant proteins, Table 7 a summation of the 
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individual 1 constructs, and Table 8 the details of the 1 constructs’ construction.  The 

human 1 recombinant proteins expressed are depicted in Figure 39, with Table 9 and 

10 providing the summation of constructs and their construction details.  The expression 

constructs were stably transfected into the fibroblast HEK 293 cell line to produce the 

resulting modified recombinant protein sequences for the 1, 1 and 1 chains of laminin 

depicted in Figures 35-37 (mouse 1 based constructs), 38 (human 1 based 

constructs), and 39 (human 1 based constructs).  The individual constructs were 

transfected in sequential order and a unique antibiotic selection employed for each 

chain.  Epitope tags were placed either at the amino or carboxyl terminus of the subunits 

to aid in selection of 293 cell clones expressing one, two, or three subunits, with both the 

Flag tag and heparin affinity used for purification of the recombinant trimeric laminins.  

Stable clones expressing laminin heterotrimers consisting of appropriate appearing 1, 

1 and 1 chains were selected and expanded.  Table 11 contains a partial list of the 

recombinant heterotrimeric Lm-111s generated, their designation, and expression 

construct composition.  Wild-type laminins containing either an N-terminal Flag tag on 

the  chain and no 1 tag (WTa; Lm-111Nf/Nh/0), or containing an N-terminal myc tag on 

the  chain with a 1 C-terminal Flag tag (WTb; Lm-111Nm/Nh/Cf), or with an N-terminal 

Flag tag on the  chain with a 1 C-terminal Flag tag (WTc; Lm-111Nf/Nh/Cf) were created.  

There were no appreciable differences observed between the three laminins in stability, 

polymerization, or ability to assemble BMs on Schwann cells (SCs).  Lm-111Nm/Nh/Cf was 

used for subsequent studies unless otherwise indicated.  Figure 40 shows the 

coomassie blue stained PAGE gels of some of the recombinant Lm-111s produced. 

Protein yields were typically about 10 to 20 g/ml of recombinant heterotrimeric laminin 

per three day harvest from conditioned medium of confluent stable clones. 
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 When it came time to place epitope tags on the N-terminus of the individual laminin 

chains for creation of recombinant heterotrimeric laminin-111s the same concerns as 

with the 1LG4-5 constructs existed:  the potential for improper transport, processing, 

secretion, clipping, instability, and degradation due to the non-native signal sequence 

and N-terminal epitope tag.  An added concern was that several binding activities as well 

as laminin’s polymerization activity were located in the N-terminal LN domain.  Epitope 

tag interference with any of these activities was a major concern, therefore, several 

different epitope tags were examined by placement on the N- and C-termini of full length 

laminin chains in order to gauge, not only, their usefullness in detection and purification, 

but also, any affect they may have upon laminin's normal functions.  N-terminal FLAG, 

myc, HA, VSV-G, and protein-C epitope tags and a C-terminal FLAG tag on the 1 chain 

had no detrimental effects upon the resulting recombinant laminin's synthesis, secretion, 

processing, ability to polymerize, or accumulation on the surface of Schwann cells 

(figure 41).  However, an N-terminal triple myc tag (mycx3) blocked Lm polymerization 

and prohibited effective accumulation of Lm on Schwann cells.  Furthermore, the 

recombinant laminins demonstrated no proteolytic degradation and all N-terminal 

epitope tags were recognizable with their corresponding antibody in both Westerns of 

collected media and immunoprecipitations utilizing the epitope tag (figure 41B and C).  

Subsequent 1 chain expression constructs were synthesized with an N-terminal myc 

epitope tag. 

 Three full length human 1 expression construct were made: one with no tag, one 

with a N-terminal VSV-G epitope tag, and a third with a N-terminal HA tag.  Both the 

untagged and VSV-G tagged 1 recombinant heterotrimeric proteins had no detectable 

proteolytic degradation.  The HA tagged 1 producing cells did produce a small amount 

of proteolytically processed material; this was probably due to the fact that the HA 
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tagged 1 protein demonstrated the ability to be secreted without any accompanying 1 

and 1 laminin chains (data not shown).   Both the VSV-G and HA tagged 1 proteins 

were immunoreactive when the appropriate epitope specific antibodies were utilized and 

neither showed any inhibition to binding on Schwann cell surfaces (data not shown).  

Subsequent 1 chain expression constructs utilized a N-terminal HA tag for the 1 

laminin chain. 

 Laminin 1 chain expression constructs were designed to contain a 1 chain with 

either a C-terminal FLAG tag or no tag.  

 Each laminin chain was also assigned a unique selectable marker.  The testing of 

various antibiotic combinations and dosage requirements in order to obtain three which 

could be used simultaneously was previously described in the 1 LG4-5 section of this 

thesis.  In most cases, puromycin (at 1ug/ml) was assigned to 1 chain expression 

constructs, zeocin (at 80-100ug/ml) to 1 constructs, and neomycin (at 500ug/ml of 

G418) to 1 constructs.  Furthermore, most expression constructs contained the 5'UTR 

"consensus-1", as well as the BM40 signal sequence and an EK cleavage site 

immediately downstream of any N-terminal epitope tags which were utilized in the 

expression constructs. 
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Section II.  Characterization of recombinant Lm-111s. 

Purified recombinant heterotrimeric laminins were analyzed by SDS-PAGE, 

immunoprecipitation, and Western analysis.  All three chains were detected with epitope-

specific and laminin specific antibodies after the recombinant laminins were 

immunoprecipitated with a subunit-tag specific antibody.  Wild type protein exhibited a 

typical Coomassie blue stained pattern of three bands corresponding to the 1, 1 and 

1 subunits.  Deletion of different domains resulted in the expected observation of 

increased migration with no discernable proteolytic degradation (figure 40).  Deletion of 

the 1 LN domain resulted in a superimposition of the normally faster migrating 1 band 

by the shortened 1 band and deletion of almost the entire 1 short arm (domains LN – 

L4b) resulted in superimposition of the 1 band on the 1 band.   

 Rotary showed Pt/C replicas were prepared and examined for many of the 

recombinant laminins, including: Lm-111Nf/Nh/0 (WTa), Lm-111Nm/Nh/Cf (WTb), Lm-

111LN-LEa0/Nh/Cf, Lm-111LN-LEaNm/Nh/Cf, Lm-111LNNm/Nh/Cf, Lm-111LN-

L4bNm/Nh/Cf, Lm-111LNNm/Nh/Cf, and Lm-111LG1-5Nm/Nh/Cf (appendix figures 2 and 3) 

(rotary shadow photographs taken by Peter Yurchenco).  All samples examined revealed 

a population of monomeric heterotrimers.  Loss of the expected LN domains, LG 

domains, or larger N-terminal deletions of the short arms could be detected in well-

spread laminins.  Several of the recombinant laminins depicted in the appendix figures 

clearly show the “short arms” (N-terminal sequence prior to coiled-coil) of 1, 1, and 1, 

the coiled-coil, the C-terminal 1 LG domains, and the lack of N-terminal domains and 

C-terminal LG1-5 in three of the recombinant deletion mutants.  
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Section IIA. Polymerization of recombinant Lm-111s. 

A standard assay of laminin polymerization was employed to evaluate the recombinant 

laminins.  The assay consists of incubating small aliquots of laminin at different 

concentrations in neutral salt buffer (TBS) containing 1mM calcium chloride at 37ºC, 

followed by centrifugation to separate the pellet containing the polymer fraction from the 

supernatant containing the free non-polymerized laminin, and analysis by SDS-PAGE 

with quantitation of Coomassie blue stained and scanned gel bands by densitometry 

[51].  This assay was used to evaluate polymerization of the different heterotrimeric 

recombinant laminins (appendix figure 4).  Most polymerization assays and 

quantifications, as well as protein purifications of the heterotrimeric laminins for the 

polymerization assays, were performed by Karen McKee.  Wild type laminin polymerized 

in a concentration dependent fashion.  Plots of polymer concentration vs. total 

concentration revealed a slope of 0.81  0.21 and an x-axis intercept of 0.091  0.03 

mg/ml (average  S.D., n = 7), the latter corresponding to the apparent critical 

concentration of polymerization (0.13 M; appendix figure 5).  EHS-laminin typically has 

a slope of 0.9 to 0.95 and a similar (0.14 M) critical concentration.  Polymerization was 

prevented, as typically seen with EHS laminin, by incubating the recombinant laminin in 

TBS containing 1 mM EDTA instead of calcium.  Laminins with deletions of the LG 

domains (Lm-111LG1-5Nm/Nh/Cf, Lm-111LG1-3Nm/Nh/Cf, and Lm-111LG4-

5Nm/Nh/Cf) or point mutations in LG4 (Lm-111RKR2721Nm/Nh/Cf, Lm-111KRK2793Nm/Nh/Cf, 

and Lm-111RAR2833Nm/Nh/Cf), also polymerized in a manner similar to WT laminin.  

However, all recombinant laminins with deletions of N-terminal LN domains did not 

polymerize: 1LN showed very little aggregation and only at concentrations above 0.4 

mg/ml, while 1LN and 1LN did not polymerize in the concentration range 

analyzed.  Furthermore, any recombinant laminins containing deletion of the LN domain 
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and additional downstream domains: Lm-111LN-LEa Nm/Nh/Cf, Lm-111LN-L4a 

Nm/Nh/Cf, Lm-111LN-LEa 0/Nh/Cf, and Lm-111LN-LEa Nm/Nh/Cf; also failed to polymerize.  

The heterotrimeric laminin, Lm-111LN-L4b Nm/Nh/Cf, lacking almost the entire -subunit 

short arm (1LN-L4b), a model for the truncated laminins-3A11, -3A21, -411 and -421 

found in a variety of tissues, also did not polymerize. 

 Two recombinant Lm-111s were generated to further test the LN requirements for 

laminin polymerization (cloning and polymerization assays performed by Karen McKee).  

If laminin polymer formation is a consequence of a ternary complex requiring three 

different LN domains, one from each laminin subfamily (i.e. one  chain, one  chain, 

and one  chain), then substitution of the 1 chain’s LN domain with the LN domain from 

the 1 or 1 chain should result in loss of polymerization capability for that recombinant 

laminin.  If on the other hand, the individual LN domains can bind themselves or other 

members within or outside their family and three separate LNs from three separate chain 

family members is not required as reported by Odenthal et. al [468], then replacement of 

the 1 LN by the 1 LN,  construct Lm-11111LN Nm/Nh/Cf, should not result in a loss of 

polymerization.  Furthermore, if Odenthal was correct in reporting 1 LN to 1 LN 

binding, deletion of the N-terminal LN domain of the 1 or 1 chain should not completely 

abrogate polymerization.  Our observed results were that any domain substitution or N-

terminal LN domain deletion was associated with an inability of the resulting recombinant 

laminin to polymerize, supporting the prediction that the three different domains, one 

from each family subfamily, are required for polymerization.  

 This hypothesis was further supported by direct binding asssays utilizing individual 

recombinant LN-LEb 1, 1, and 1 proteins, derived from just three expression 

constructs, in various combinations.  The 1LN-LEbt/f/m expression construct secretes a 

mouse 1 recombinant protein containing the N-terminal LN-LEb5 of mouse 1 with a 
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C-terminal TEV protease cleavage site, followed by a FLAG epitope tag and 

Enterokinase cleavage site, and a terminal myc epitope tag (figure 42A).  The 

recombinant protein was purified with FLAG matrix and some purified protein processed 

with EK to yield 1LN-LEbt/f  which posses a C-terminal FLAG epitope tag and no myc 

tag (figure 42B). The recombinant protein could also be processed with TEV to 

yield1LN-LEbt which contains no epitope tags.  The 1LN-LEbt/f/h expression construct 

produces mouse 1LN through LEb5, with a C-terminal TEV site, followed by the FLAG 

epitope tag and accompanying EK cleavage signal sequence, with a terminal HA epitope 

tag.  EK treatment of purified 1LN-LEbt/f/h produced 1LN-LEbt/f with no HA epitope tag.  

A similar process was utilized with mouse 1 to produce 1LN-LEbt/f/h and 1LN-LEbt/f.  

Both EK processed and unprocessed recombinant LN-LEb proteins were then evaluated 

in a solid phase ELISA assay in which 1LN-LEbt/f/m was bound to anti-myc Ab coated 

microtiter plate wells and various combinations of the recombinant LN-LEb proteins 

tested for binding to 1 via the C-terminal HA epitope tag on the added recombinant 

proteins (figure 42C).  The 1 chain construct did not demonstrate significant self-

binding in the assay, nor was 1 observed to significantly bind to 1 or 1 without all 

three chains being present.  The only significant binding observed was when all three 

laminin chains, 1, 1, and 1, were present together.  

 

Section IIB. Heparin affinity of recombinant laminin-111s and laminin-211s. 

Heparin FPLC of various recombinant laminin-111s and laminin-211s, revealed that Lm-

111 binds heparin with a slightly higher affinity than Lm-211.  The deletion heterotrimeric 

recombinant Lm-111s and recombinant 1LG4-5s, demonstrated that the majority of 

heparin binding activity possesed by laminin-111 was contributed from LG4, with some 

from LG1-3 (figure 43A).  In contrast, LG4-5 provided very little heparin binding activity in 
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laminin-211 (figure 43B).  The vast majority of heparin binding activity in Lm-211 was 

derived from LG3 contributions.  Both Lm-111 and Lm-211 demonstrated a small degree 

of heparin binding from outside LG1-5; most likely contributed from the N-terminal LN 

domains of 1 and 2 laminin. 

 The various recombinant Lm-211 proteins tested were obtained from stable cell lines 

provided by Dr. Sergei Smirnov [296] of our laboratory. 

 

 

Section IIC. Sulfatide affinity of recombinant laminin-111s and laminins-211s. 

Domain deletion containing recombinant heterotrimeric laminins reveal that the sulfatide 

binding of recombinant Lm-111 largely depends upon sulfatide contributions from the 

LG4-5 domain of the 1 chain.  There may be minor contributions from the 1 LN and 

LG1-3 domains, however, the majority of the sulfatide binding activity resides in LG4 

(figure 44A).  This binding activity is completely abolished with AEBSF treatment, greatly 

reduced in the prescence of heparin, partially EDTA sensative, but not Triton (1-2%) 

sensative (figure 44B and C).  Furthermore, while recombinant Lm-111 can bind more 

sulfatide than Lm-211, both proteins exhibit similar Kd values (figure 44D).  The 

proteolytically processed form of Lm-211, in which cleavage has occured in the LG3 

domain but the cleaved C-terminal fragment maintains non-covalently attached to the 

laminin, demonstrates a significant reduction in sulfatide affinity.       

 Furthermore, recombinant Lm-111Nm/Nh/Cf was shown to specifically bind sulfatide 

albumin complexes which had been allowed to settle in DMEM media onto tissue culture 

treated plastic (figure 45).  No binding was observed between Lm-111 and galactosyl 

ceramide, the non-sulfated analog of sulfatide, complexes.  Furthermore, Lm-111 

binding to the sulfatide albumin complexes was paritialy inhibited with EDTA and greatly 
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inhibited by heparin.  The observed binding behaviour of Lm-111 was in agreement with 

similar experiments performed with Lm-111 in the solid phase sulfatide ELISA 

experiments. 
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Section III. The role of laminin-111 and its receptors in Schwann cells. 

 Lamini-111 possesses both DG and sulfatide binding capabilities via its 1 LG4 

domain.  Schwann cells not only express both DG and sulfatide, but also, form a 

basement membrane (BM) in vivo which incorporates laminin, therefore, they were a 

natural choice for study. 

 

Section IIIA. Individual domain and amino acid residue requirements of Lm-

111 for BM formation on the surface of cultured Schwann cells. 

Earlier work in our laboratory had shown that AEBSF treatment of Lm-111 not only 

eliminated its ability to polymerize, but also, negated its ability to accumulate on SC 

surfaces.  It was believed that the lack of measurable laminin binding to the Schwann 

cell surface was due primarily to AEBSF’s inhibition of laminin’s ability to polymerize.  

However, sulfatide binding assays revealed that AEBSF treatment of both Lm-111 and 

1 LG4-5 also completely inhibited their ability to bind sulfatide.  Therefore, AEBSF 

treatment destroyed not only laminin’s polymerization activity centered in the N-terminal 

LN domains of the individual laminin chains, but also, its C-terminal 1 LG4 anchorage 

activity through sulfatide binding, thereby, explaining why AEBSF treated heterotrimeric 

Lm-111 bound Schwann cells and sulfatide even less than recombinant Lm-111s with 

defunct polymerization capabilities due to N-terminal LN deletion (figure 46).  Laminin-

111 accumulation on the surface of cultured Schwann cells was also severely inhibited 

by the polymerization inhibiting fragments C1-4, E1’ and E4, as well as the anchorage 

inhibiting fragment E3 analog, recombinant 1LG4-5/WTNf, but not fragment E8 (figure 

46).  The inhibitory effect of C1-4, E4, E1’, and 1LG4-5/WTNf were reversible if the 

fragments and recombinant protein were first treated with AEBSF.   
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 Mutant 1LG4-5 proteins were tested for their ability to block Lm-111 accumulation 

on the Schwann cell surface (figure 47).  Lm-111(U) (20ug/ml) was mixed with 

increasing amounts (1, 10, 20, 50, 100, 200, 300, and 400ug/ml) of the recombinant 

1LG4-5 proteins and incubated for 30 minutes at 37oC in cultures of confluent Schwann 

cells.  The amount of Lm-111 which bound to the surface of the Schwann cells was 

measured and thus the ability of the 1LG4-5s to inhibit the Lm-111 binding compared.  

Recombinant 1LG4-5/KDR2860 was the most effective inhibitor of Lm-111 binding 

followed closely by 1LG4-5/WT.  After WT the order of inhibition was 1LG4-5/RAR2833 

>1LG4-5/KRK2793 > 1LG4-5/RKR2721 >1LG4-5/RKR2721 which were all much greater 

than no treatment with 1LG4-5, except for the double mutant.  Mixture of Lm-111 with 

the recombinant double mutant 1LG4-5/RKR2721+KRK2793 actually resulted in an 

observed persistant increase in Lm-111 binding to the Schwann cell surface. 

 Our laboratory has previously shown that incubation of Schwann cells with 

exogenous laminin-111 results in the formation of a basement membrane like ECM on 

the exposed, previously free cell surface, resulting in accumulation of Lm-111, nidogen-1 

and type IV collagen [71, 469] (appendix figures 6-9).  The cells express no detectable 

endogeneous laminin, but do express low levels of nidogen-1 and type IV collagen which 

are not retained on the cell surface (appendix figure 10).  If laminin-111 is exogeneously 

added to the media of a 12 hour culture of Schwann cells and allowed to incubate at 

37oC for one hour; the laminin, nidogen, collagen and other components will accumulate 

and form a BM on the Schwann cell surface.  However, if the cells are washed prior to 

addition of laminin, no appreciable detectable nidogen or collagen will accumulate.  This 

cell surface assembly process depends upon the presence of galactosyl-sulfatide on the 

cell surface which provides anchorage to the laminin through its LG4 domain. 
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 To analyze the ability of modified laminins to assemble a BM, SCs were incubated in 

fresh medium containing 20 g/ml of recombinant protein for one hour (figure 48).  The 

cells were then washed, fixed, and incubated with laminin-111 specific polyclonal 

antibody which detects all three laminin subunits or a 1 LN domain specific antibody 

(anti-E4) which will detect all recombinant Lm-111s except for those missing the 1 LN 

domain.  Digital microscope images were recorded and then analyzed to determine the 

relative amount of cell surface bound fluorescence divided by the number of DAPI-

stained nuclei to normalize the data to cell number.  Lm-111Nf/Nh/0 (formerly WTa) and 

Lm-111Nm/Nh/Cf (formerly WTb) recombinant laminin showed nearly identical levels of 

fluorescence (data not shown).  Lm-111Nm/Nh/Cf  laminin fluorescence was then compared 

to that produced by incubation with equal concentrations of EHS Lm-111(U), EHS Lm-

111(B), EHS Lm-111 treated with AEBSF, and recombinant laminins with various 

alterations, including those with: different epitope tags (Lm-1110/0/0, Lm-1110/Nh/0, Lm-

1110/Nh/Cf, Lm-111Cf/Nh/0, Lm-1110/Nv/Cf, Lm-111Nm/Nh/0, Lm-111Nm3/Nh/0, Lm-111Nv/Nh/0, Lm-

111Nh/Nh/0, Lm-111Nc/Nh/0, and Lm-111Nf/Nh/0), deletions of N-terminal domains (Lm-

111LNNm/Nh/Cf, Lm-111LN-LEaNm/Nh/Cf, Lm-111LN-L4aNm/Nh/Cf, Lm-111LN-

LEbNm/Nh/Cf, Lm-111LN-L4bNm/Nh/Cf, Lm-111LN0/Nh/Cf, Lm-111LN-LEa0/Nh/Cf, Lm-

111LNNm/Nh/Cf, and Lm-111LN-LEaNm/Nh/Cf), chemical modification with AEBSF(Lm-

111Nm/Nh/Cf-A), C-terminal deletions of the 1 chain (Lm-111LG1-5Nm/Nh/Cf, Lm-

111LG1-3Nm/Nh/Cf, and Lm-111LG4-5Nm/Nh/Cf), and point mutations of the 1 chain's 

LG4 domain (Lm-111RKR2721Nm/Nh/Cf, Lm-111KRK2793Nm/Nh/Cf, and Lm-

111RAR2833Nm/Nh/Cf).  Only one variant of the three constructed for each  chain domain 

deletion of LEa, L4a, L4b, and LEb was included in this analaysis, however, it should be 

noted that all variants were tested and performed similarly (data not shown).  
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 During the purification of Lm-111 from harvested EHS tumor, the unbound peak from 

the DEAE-Sephacel ion exchange chromatography column consists of Lm-111 without 

intact nidogen attached (either no nidogen or various proteolytic fragments of nidogen) 

and is called Lm-111(U), whereas, the bound Lm-111 peak contains intact nidogen 

bound to it and is called Lm-111(B) [48, 470].  The highest level of fluorescence was 

observed with EHS Lm-111(U) followed closely by Lm-111(B) and then recombinant WT 

Lm-111s, irregardless of the N-terminal or C-terminal epitope tags employed, except for 

the 1 N-terminal triple myc in Lm-111Nm3/Nh/0, which effectively inhibited the ability of the 

recombinant Lm-111 to polymerize and thereby accumulate on the surface of the 

Schwann cells.  Incubation of SCs with laminins unable to polymerize, either lacking an 

N-terminal LN domain (or more), triple myc epitope tag, or chemically treated with 

AEBSF, resulted in very low levels (<10 % of WT) of laminin fluorescence, indicating 

very low binding of the laminins.  All of these polymerization incompetent laminins were 

unable to polymerize in the standard sedimentation assay employed.  Furthermore, any 

deletion of 1LG4 or 1LG4 point mutation recombinant laminin which adversely 

affected binding to sulfatide or dystroglycan also resulted in a recombinant laminin 

incapable of appreciable accumulation on the surface of the Schwann cells.  

Interestingly, the recombinant Lm-111 containing a deletion of 1LG1-3 resulted in near 

WT coverage of the Schwann cells.  Colocalization of DG revealed, not only, that the 

Lm-111(B) fraction containing nidogen bound slightly better than the Lm-111(U) fraction 

which does not contain intact nidogen, but also, that the DG signal colocalized better 

and quicker in the Lm-111(B) treated Schwann cells (figure 49).  The addition of 

exogeneous laminin also resulted in a consistently observed increase in DG signal; 

indicating some type of upregulation of DG expression or release from intracellular 

sources.  Furthermore, DG colocalization and condensation with laminin was observed 
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even if LG1-3 was missing from the laminin, however, if the exogeneous laminin did not 

posses LG4 there was no DG colocalization nor condensation of the DG signal 

observed.  Therefore, it is also clear Lm-111s lacking either N-terminal LN domain 

polymerization activity or anchorage provided through the C-terminal 1LG4 are unable 

to accumulate to appreciable levels on the surface of Schwann cells, DG co-

localization and condensation require 1 LG4, Lm binding to the cell surface is 

increased in the prescence of nidogen, and binding through 1 integrin is not required 

for this process. 

 Recombinant heterotrimeric laminin bearing point mutations in LG4 were also 

observed to have significantly decreased binding to the Schwann cell surface.  

Mutagenesis of RKR2721 (Lm-111RKR2721Nm/Nh/Cf), KRK2793 (Lm-111KRK2793Nm/Nh/Cf), 

and RAR2833 (Lm-111RAR2833Nm/Nh/Cf) resulted in nearly a 90% reduction in laminin 

binding to the cell surface (figure 50).  As predicted by the solid phase assay results of 

both the recombinant 1LG4-5 and heterotrimeric recombinant point mutation laminins, 

the mutation of RAR2833, which practically eliminates the ability of laminin to bind sulfatide 

through LG4 still colocalizes with the DG signal and the DG displays some 

condensation, however, the mutation which predominately affects DG binding, RKR2721, 

diplays no colocalization with DG nor does the DG exhibit any condensation.  

Furthermore, the exogeneous addition of any of the three heterotrimeric recombinant 

point mutation Lm-111s, did not result in the increase of DG previously observed with 

recombinant Lm-111s which contained 1 LG4-5.   

 Since purified Lm-111(B), which contains intact nidogen associated with it, bound to 

the surface of Schwann cells better than any of the recombinant Lm-111 WTs, which 

themselves contain no nidogen associated with them because the HEK 293 cells utilized 

to produce the recombinant proteins does not express nidogen; exogeneous nidogen 
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and type IV collagen were added to the recombinant Lm-111 WT to see if binding could 

be improved to the level observed with Lm-111(B) and determine what, if any, role 

nidogen and type IV collagen may play in laminin binding, accumulation, or 

condensation.  The addition of exogeneous Lm-111 with the simultaneous equimolar 

addition of nidogen and collagen or just collagen resulted in a small increase in observed 

binding of Lm-111 to the Schwann cell surface, however, the simultaneous addition of 

just nidogen actually resulted in a small decrease in observed laminin binding (figure 

50).  The contributions of nidogen-1 and type IV collagen to the exogeneous Lm-111 

driven basement membrane component accumulation on SC surfaces were examined 

later in further detail by Stephanie Capizzi in a series of experiments utilizing the various 

recombinant heterotrimeric laminins produced (appendix figure 13) [471].   

 

Section IIIB. Ultrastructure of Schwann cell surfaces with and without the 

addition of exogeneous Lm-111s. 

Schwann cells treated with EHS-laminin or recombinant laminins (50 g/ml) for one hour 

were washed, fixed, embedded in epon and sectioned perpendicular to the flat surface 

of the plastic substrate.  Metal stained cross sections of adherent cells were observed by 

electron microscopy.  Cells were often located adjacent to each other.  Basement 

membranes in WT laminins appeared as continuous or near-continuous linear densities 

(lamina densa) separated by a thin lucent line (lamina lucida) and measured 25 to 50 nm 

in thickness from the edge of the exposed plasma membrane.  They were positioned on 

most of the cell surface but often spared the nuclear region and most peripheral (thin) 

cell extensions.  As expected based upon the immunohistochemical staining results, 

electron micrographs of Schwann cells treated with polymerization incompetent, Lm-

111LN-LEaNm/Nh/Cf, showed barely any BM with very short segments dispersed 
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throughout the cell surface (figures 51 and 52).  Treatment with recombinant Lm-

111LG4-5Nm/Nh/Cf, demonstrated even less "coverage", whereas, Lm-111LG1-

3Nm/Nh/Cf treatment resulted in a much more consistent but still patchy "coverage", 

approximately three-quarters of WT coverage.  Also, just like the immunohistochemical 

results, the 1 LG4 point mutation recombinant proteins, Lm-111RKR2721Nm/Nh/Cf and 

Lm-111RAR2833, provided a little more coverage than the complete loss of 1 LG4 (Lm-

111LG4-5Nm/Nh/Cf) and less than, just loss of polymerization activity only, mutant Lm-

111LN-LEaNm/Nh/Cf. 

 The contributions of nidogen-1 and type IV collagen to the exogeneous Lm-111 

accumulation and basement membrane formation on the surface of Schwann cells was 

also examined by electron microscopy utilizing the various recombinant heterotrimeric 

laminins produced (electron microscopy by Peter Yurchenco) (appendix figure 14) [471].  

Exogeneous recombinant Lm-111Nm/Nh/Cf produced a continual basement membrane, 

whereas, recombinant Lm-111s missing either the N-terminal 1 LN domain or C-

terminal 1 LG1-5 failled to; resulting in a few small discrete extracellular aggregates on 

the cell surface.  The simultaneous addition of both collagen and nidogen, which did not 

accumulate on the Schwann cell surface without contemporaneous addition of laminin, 

resulted in a much denser and thicker basement membrane on Schwann cells when 

added simultaneously with  Lm-111Nm/Nh/Cf.  The contemporaneous addition of type IV 

collagen, nidogen, and either Lm-111LG1-5Nm/Nh/Cf or Lm-111LN Nm/Nh/Cf  produce an 

increase in the number of aggregates observed on the cell surface over that seen 

without the addtion of both type IV collagen and nidogen.  
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Section IIIC. Comparison of laminin-111 and lamininm-211 accumulation 

and BM formation on Schwann cell surfaces. 

The accumulation and BM formation capabilitites of both Lm-111 and Lm-211 on 

Schwann cells was compared by incubating 20ug/ml of each laminin at 37oC for one 

hour on sparsely plated Schwann cells and staining with a monoclonal antibody specific 

to the 1 chain common to both Lm-111 and Lm-211.  Overall Lm-111 staining was 

much more intense than Lm-211, whose signal had to be increased 2 fold for proper 

analysis (figure 53).  There was no endogeneous Lm-111 or Lm-211 produced by the 

Schwann cells. The unbound fraction of Lm-111(U) purified from EHS tumor gave the 

highest signal level, followed closely by the bound fraction of Lm-111(B), and then 

recombinant Lm-111/WTNm/Nh/Cf, with just a 10% decrease in observed binding on 

Schwann cell surfaces.  The unprocessed recombinant Lm-211 binding and 

accumulation on the Schwann cell surfaces was approximately one-half that of 

recombinant Lm-111/WTNm/Nh/Cf.  Processed recombinant Lm-211 signal intensity was 

85% less than unprocessed Lm-211.  Deletion of either 1 or 2 LG1-5 led to a 

complete loss of binding to Schwann cell surfaces.  While deletion of 2 LG1-3 

demonstrated a 90% decrease in binding when compared to Lm-211u, the 

corresponding LG1-3 deletion in 1, resulted in just a 15% reduction in binding.  The 

deletion of 2 LG4-5u led to an 85% decrease in binding, comparable to Lm-211p levels, 

whereas, the processed deletion of LG4-5 resulted in a complete loss of binding.  The 

comparable deletion of LG4-5 in 1 led to a 95+% reduction in signal intensity.  The 

Schwann cell coverage results are in agreement with the solid phase sulfatide binding 

affinities of Lm-111 and Lm-211 observed and compared earlier in the recombinant 

heterotrimeric Lm-111s characterization section.  Lm-211 probably only possess a single 

binding site and it requires sequences in LG5 not LG4 as is the case for 1 (and/or 
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sequences either within LG3 or other sequences which require a specific orientation of 

LG5 which processing alters) and a higher affinity for DG than Lm-111 and, unlike Lm-

111, Lm-211 DG binding also requires a contribuition from LG1-3 in 2 for efficient 

DG binding.  The contribution from 2 LG1-3 may involve direct participation of a 

grouping of charged amino acid residue which constitute the furin cleavage site in LG3.  

However, it may also involve a structural component and LG1-3's influence on the 

structure of LG4-5 or orientation of LG4-5 with respect to LG1-3.  Examination of the 

crystal structure of the 1 and 2 LG4-5 domains reveals a significant difference in the 

orientation of their respective LG4 and LG5 domains, as well as, the volume of space 

between the two domains' facing sides.  When coupled with the observed disulfide 

linkage between the hinge region preceding LG4 and the downstream LG5 domain 

linking the two domains together, in conjunction with 2's much longer linker region 

between LG3 and LG4, and the differences in binding affinities between 2 processed 

and unprocessed laminin-211, suggest that perhaps 2 LG1-3 may exhert a structural 

and/or orientation influence upon LG4-5 and thereby affect specific binding affinities in 

2.  

 

Section IV. The role of laminin-111 in embryonic stem cell differentiation, 

basement membrane formation, and embroid body formation. 

 1 integrin null, 1 laminin null, and dystroglycan null embryonic stem (ES) cells were 

examined for their ability to differentiate and form an outer endodermal layer, assemble 

a basement membrane (BM) on the basal side of the endodermal layer, differentiate and 

form an inner polarized epiblast layer underneath the BM, cavitate, and form a proper 

embroid body (EB) much as WT ES cells will when properly dispersed in LIF-free 

medium for several days (appendix figure 15).  This developmental progression was 
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observed in WT ES cells with endoderm appearing in 3-4 days, a BM underneath the 

outer developing endodermal layer in 4-5 days, epiblast formation under the BM layer in 

5-7 days, and cavitation and eventual formation of a central cavity in 6-8 days (71).  

Aumailley et al. [472] had previously shown that 1 integrin null ES cells will form a outer 

endodermal layer, however, the 1 laminin chain synthesis is rapidly switched off in the 

derived EBs in a 1 integrin dependent/mediated feed-back regulatory mechanism and 

without the 1 laminin chain, any synthesized 1 and 1 laminin chains will fail to form a 

trimeric laminin and be secreted into the extracellular space.  Furthermore, without Lm-

111 present, the EBs fail to form a BM on the basal side of the outer endodermal layer 

and fail to differentiate further, i.e. do not form an inner epiblast layer or cavitate.  

Similarly, EBs derived from 1 laminin null ES cells, do form an outer endodermal layer, 

but fail to deposit a BM on the basal side of the endodermal layer, differentiate to form 

an epiblast layer, or cavitate.  The EBs produce no Lm-111 and the small amount of 1 

laminin subunit produced undergoes proteolytic degradation resulting in a truncated 1 

laminin chain [31].  DG null ES cells were previously reported [172] to aggregate but fail 

to differentiate and form embryoid bodies. 

 When Dr. Li, of our laboratory, cultured WT ES cells to form EBs he was able to 

obtain 72% BM formation and 64% epiblast differentiation [70].  The 1 integrin null ES 

and 1 laminin null ES cell lines did not form a basement membrane or differentiated 

epiblast layer without the addition of exogeneous laminin.  With the addition of 

exogeneous laminin-111, 46% and 18% of 1 integrin null and 57% and 34% of 1 

laminin null EBs, formed basement membranes and a differentiated epiblast layer, 

respectively.  Despite published reports to the contrary, the DG null ES cell line was able 

to form EBs and a BM was observed to spontaneously develop in 72% of the EBs which 

formed; of which 64% also possessed a differentiated epiblast layer.  
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  Later, experiments demonstrated increased effeciencies in BM formation and 

epiblast differentiation, perhaps due to alterations in the preparation of the recombinant 

laminins or alterations in experimental procedures, but also likely due to a change in the 

recombinant laminin chain composition; specificaly, the removal of the C-terminal FLAG 

epitope tag from the 1 laminin chain.  The inclussion of a FLAG tag on the C-terminus 

of the laminin 1 chain was later shown to abolish the ability of recombinant 

heterotrimeric laminins to bind 1 integrin (work of Karen McKee; data not shown).  Not 

only did the overall EB formation from cultured ES cells efficiency increase, but 

approximately 87% of all WT ES cells formed a proper BM on the basal side of an outer 

endodermal layer and 82% a polarized differentiated epiblast layer underneath that BM 

(figure 54A); whereas, the 1 integrin and 1 laminin null ES cells formed no BM nor 

showed signs of epiblast formation.  When 1 integrin null ES cells were cultured in the 

presence of 25 ug/ml Lm-111, 56 +/-3% of the resulting EBs formed a proper BM and 24 

+/-7% an epiblast layer.  On the other hand, the addition of exogeneous Lm-111 to 1 

laminin null ES cells resulted in 77 +/-6% of the EBs forming a BM and 56 +/-5% an 

epiblast layer (figure 55A and B).   

 

Section IVA. The role of laminin-111 in 1 laminin null ES/EB BM formation and 

differentiation. 

Without the addition of exogeneous Lm-111, 1 laminin null EBs were unable to 

forovercome their differentiation blockage, form a BM layer on the basal side of a well 

defined and differentiated outer endodermal layer, further differentiate to form a 

distinctive second cell layer consisting of a polarized pseudo-stratified columnar epiblast 

layer, or cavitate to form a sharply demarcated central cavity.  These developmental 

stages, however, can be reached by 1 laminin null EBs if exogeneous Lm-111 is 
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supplied.  Initially the EB cells are polygonal and lack obvious polarity.  An endodermal 

cell layer differentiates, polarizes, and develops prominent rough endoplasmic reticulum 

(RER).  The RER becomes the principal secretory “factory” for Lm-111 and type IV 

collagen.  Lm-111 and type IV collagen begin to accumulate in a basement membrane 

which forms underneath the endodermal layer and overlying the ICM.  The ICM adherent 

to the BM elongates and polarizes to form the epiblast while non-adherent ICM 

undergoes apoptosis and cavitation.  Figure 55B shows a typical successful rescue of 1 

laminin null EBs.   

 The ability of exogeneously added Lm-111 to rescue 1 laminin null EBs was utilized 

to test the contributions of both laminin polymerization, through the N-terminal LN 

domains of the individual chains which compose laminin, and anchorage, through the C-

terminal LG domains of the 1 laminin chain, in the rescue of 1 null EBs via inhibition of 

the exogeneous Lm-111 rescue with Lm-111 proteolytic fragments, proteolytic laminin 

fragments and laminins treated with AEBSF (aminoethyl benzene sulfonyl fluoride; which 

was previously shown to inhibit laminin’s ability to polymerize), and recombinant 1LG4-

5s.  Several heterotrimeric recombinant Lm-111 mutants were also utilized.  Lm-111 

rescue of 1 laminin null EBs was inhibited by polymerization inhibiting fragments E1’ 

and E4 (figure 55).  Lm-111 which was capable of rescuing 1 laminin null EBs lost this 

ability once it was treated with AEBSF.  Furthermore, both fragment E1’ and E4, which 

were able to inhibit Lm-111’s ability to polymerize and rescue EBs, lost their ability to 

inhibit Lm-111’s polymerization and failed to block rescue of 1 laminin null EBs by the 

addition of exogeneous Lm-111, if the fragments were treated with AEBSF.  Also, 

fragment C1-4 which includes the short arm of all three chains of Lm-111 failed to 

accumulate in a BM pattern or rescue the EBs (data not shown).  Lm-111 purified from 

EHS tumor was much more efficient at BM formation and epiblast differentiation than 
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recombinant Lm-111Nf/Nh/Cf, however, once the FLAG tag was removed from the C-

terminus of the 1 laminin chain of the construct, recombinant heterotrimeric laminin, Lm-

111Nm/Nh/0, made without the 1 FLAG tag demonstrated an increase in the efficiency of 

BM formation and epiblast differentiation observed.  Furthermore, three polymerization 

deficient mutant heterotrimeric recombinant Lm-111s:  Lm-111LNNm/Nh/Cf  missing the 

N-terminal LN domain of the 1 laminin chain, Lm-111Nm3/Nh/0 with a triple myc epitope 

tag on the N-terminus of the 1 chain which interfered with polymerization, and Lm-

111LN-LEa0/Nh/Cf missing the N-terminal LN and LEa domains of the 1 laminin chain, 

also failed to form a BM or cause epiblast differentiation to occur (figure 55).  

 Lm-111 proteolytic fragment E8, which does not inhibit Lm polymerization, failed to 

inhibit Lm-111 rescue of the 1 laminin null EBs, however, EHS derived E3 did unless 

treated with AEBSF; suggesting that the integrin binding site (61, 64, and 71) 

and HNK-1 site in LG1-3 of fragment E8 are not critical anchorage sites, but that LG4-5 

represented by fragment E3 are essential for BM formation and epiblast differentiation 

(figure 55).  The addition of exogeneous Lm-111LG1-5Nm/Nh/Cf failed to result in 

formation of a BM or epiblast differentiation.  Furthermore, mutant recombinant laminin 

1LG4-5s were tested for their ability to block the rescue of 1 laminin null EBs via the 

addition of exogeneous Lm-111.  Recombinant 1LG4-5/RKR2721 which was shown to 

barely bind, if at all, DG, while its ability to bind sulfatide approximates WT, was a good 

inhibitor of Lm-111 rescue of 1 laminin null EBs.  Whereas, 1LG4-5/KRK2793 which 

was shown to have a small decrease in DG binding but a much larger decrease in 

sulfatide binding, was a poor inhibitor of Lm-111 rescue of 1 laminin null EBs.  This 

inhibition pattern, along with the dispensable nature of DG as evidenced by the DG null 

ES cells, suggests that the sulfatide binding contribution is more necessary than DG for 

BM formation and epiblast differentiation in ES/EB cultures.    
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Section V.      The role of laminin-111 and its receptors in C2C12 myotubes. 

 Recombinant heterotrimeric Lm-111s were also evaluated for their ability to bind and 

accumulate on the surface of C2C12 myotubes (figure 56).  Recombinant Lm-111Nm/Nh/Cf 

coverage of the C2C12 myotubes was almost equal to that of EHS Lm-111, whereas, 

laminin missing the C-terminal LG1-5, Lm-111LG1-5Nm/Nh/Cf, was practically 

undetectable.  Recombinant laminin missing LG1-3, Lm-111LG1-3Nm/Nh/Cf, 

demonstrated coverage equivalent to WT, however, the binding of laminin missing LG4-

5, Lm-111LG4-5Nm/Nh/Cf, was barely detectable.  Clearly the binding of laminin-111 to 

C2C12 myotubes requires the binding activities present in LG4-5 of the 1 chain. 

 The 1 integrin antibody Ha2/5 has been shown to be a potent blocking antibody 

when it comes to laminin binding of 1 integrin and DG antibody IIH6 effectively blocks 

laminin binding to DG, however, neither antibody, individually nor in combination, were 

able to substantially inhibit exogeneous laminin-111 coverage of C2C12 myotubes 

(figure 57).  Furthermore, the contemporaneous addition of 1 LG4-5 was able to reduce 

the binding of exogeneous laminin-111 to the myotube surface. 

 The recombinant 1LG4-5 proteins were evaluated for their ability to inhibit the 

binding of exogeneous EHS Lm-111 to the surface of C2C12 myotubes.  10ug/ml of 

EHS Lm-111 was incubated for one hour at 37oC with 10, 100, 200, and 300 ug/ml of 

various 1LG4-5s and binding of Lm-111 detected using the laminin 1 LN domain 

specific polyclonal antibody, E4 (figure 58).  Recombinant 1LG4-5/WT was only able to 

inhibit Lm-111 binding by approximately 70%.  While 1LG4-5/KDR2860 was able to 

inhibit almost as well as 1LG4-5/WT, the other mutant 1LG4-5s were only able to 

inhibit 30-45% of Lm-111 binding; degree of inhibition: 1LG4-5/WT > 1LG4-5/KDR2860 

>> 1LG4-5/RAR2833 >1LG4-5/KGRTK2770  > 1LG4-5/RKR2721 > 1LG4-5/RKR2721 

>1LG4-5/KRK2793 > 1LG4-5/RKR2721.  Even larger inhibitions were possible if the 
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EHS Lm-111 was replaced with recombinant heterotrimeric Lm-111LG1-3Nm/Nh/Cf, 

however, base line binding was much less.  Nonetheless, the same hierarchy of 

inhibition was observed among the recombinant mutant 1LG4-5 proteins (data not 

shown). 

 

Section VI. The role of laminin-111 and its receptors in embryonic fibroblasts. 

Fibroblasts are known for being ECM and BM macromolecule factories but normally do 

not assemble a BM on their own cell surface; rather instead, contributing their production 

to the BM of adjacent cell types.  Even in the prescence of laminin, fibroblasts do not 

form a BM.  If this inability to accumulate laminin was due to a complete absence of any 

anchors for laminin, then this could potentially be exploited to artificially induce and 

examine just such an event.   Therefore, mouse embryonic fibroblasts (MEFs) were 

examined for their potential to be used as a building platform on which to artificially 

establish and test BMs and their components. 

 

Section VIA. The accumulation and condensation of exogeneous Lm-111 on the 

cell surfaces of MEFs without the aid of sulfatide loading. 

Durring the course of experiments, it was discovered that if the polyclonal antibodies 

directed against the elastase digest fragments E4, E1’, E8, or E3 of laminin-111 were 

utilized in immunohistochemical staining of MEFs without sulfatide loading but with the 

addition of exogeneous Lm-111, there appeared to be a distinct observable punctuate 

laminin pattern on the surface of the MEFs (figure 59A).  This pattern was not noticed in 

the earlier experiments which utilized the laminin 1 chain mAb.  Furthermore, the 

observed laminin signal co-localized perfectly with DG (figure 59B).  On Schwann cell 

surfaces, individual immunohistochemical staining signals for laminin-111 and DG 
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signal rarely perfectly coincided, usually they were adjacent and exclussionary when it 

came to the signal observed in immunohistochemical staining.  However, the signals 

were observed to comigrate and clear from the surface together.  The assumption at the 

time was that the DG antibody (IIH6) could not recognize DG bound to laminin-111 

and/or that they are in the same complex but not necessarily bound to one another.  

 Cultured mouse embryonic lung fibroblasts do not express the laminin 1 chain nor 

1 containing laminins, such as Lm-111.  MEFs express and secrete type IV collagen 

and nidogen-1, however, neither is retained in appreciable amounts on the cell surface 

(figure 60).  Exogeneous Lm-111 will bind to the cell surface and result in a increase in 

type IV collagen and nidogen-1 observed to be bound and colocalized with the laminin 

on the cell surface of the MEFs.  Furthermore, the DG which is already present on the 

cell surface will colocalize with the exogeneous Lm-111 bound on the cell surface (figure 

61A).  There is no endogeneous sulfatide present in MEFs, however, if the MEFs are 

first loaded with sulfatide, via addtion sulfatide bound albumin to the media, a very 

dramatic increase in the exogeneous Lm-111, as well as, both the secreted 

endogeneous type IV collagen and nidogen-1, is observed to accumulate on the cell 

surface. 

  Much like on Schwann cells, exogeneous Lm-111 will bind to the MEF cell surface 

and with time, accumulate, and condense towards the center of the cell (figure 62).  

Membrane bound DG will become co-localized and co-migrate with the exogeneous 

Lm-111, condensing towards the center of the cell, however, without the addition of 

exogeneous Lm-111, the DG signal remains diffuse.  Not only did the exogeneous 

laminin-111, endogeneous nidogen-1, and endogeneous DG colocalize, but each 

component also colocalized with GM1 clusters (figure 61B), suggesting that all three 

proteins were also present in GM1 containing lipid rafts.  Furthermore, contrary to what 
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is observed in Schwann cells, the Lm-111 signal did not merge into higher order 

structures.  The individual Lm-111 signals remained seperate for the most part; forming 

just a few very dense and intense clusters (figure 63). 

 This process of condensing exogeneous Lm-111 from the cell periphery was so 

stable that the MEFs could be exposed to multiple rounds of exogeneous laminin and 

multiple condensing concentric rings observed (figure 64).  Alexa 488 dye labeled 

recombinant laminin-111 was added to the MEFs, incubated, washed, incubated, a 

second incubation with Alexa 488-Lm-111 initiated, washed, and allowed to incubate 

further.  The MEFs were removed from the incubator at various times and flourescent 

microscopy images taken of isolated individual MEFs over this period of time.  At the end 

of the experiment the MEFs were washed, fixed, and stained with an DG antibody.  

The images taken depicted the formation and condensation of a ring of laminin followed 

by the formation and condensation of a second ring of colocalized laminin and DG after 

the second exposure to exogeneous laminin. 

 The specificity of Lm-111 for sulfatide was further evaluated by testing the ability of 

Lm-111 to bind MEFs loaded with: glc-sulfatide (HSO3-3-glucosyl-1ceramide), gal-

sulfatide (HSO3-3-galactosyl-ceramide), cholesterol-3-sulfate, GM1-ganglioside, GT1b-

ganglioside, phosphatidic acid, phosphatidyl inositol, and phosphatidylserine (figure 

65A).  Only glc-sulfatide and gal-sulfatide supported the accumulation and condensation 

of Lm-111 on the cell surface of lipid loaded MEFs.  These results were consistent with 

the Lm-111 lipid binding specificity determined in previous solid phase assays and in 

Schwann cells already described in this thesis and by others [65, 70].  Furthermore, after 

loading MEFs with sulfatide, arylsulfatase treatment resulted in no Lm-111, type IV 

collagen, or nidogen-1 being detected on the cell surface (figure 65B). 
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Section VIB. Inhibition of exogeneous Lm-111 accumulation on MEF cell surfaces 

by the simultaneous addition of recombinant 1LG4-5 proteins. 

Exogeneous Lm-111 accumulation on MEF cell surfaces was inhibited by the co-

temporaneous addition of recombinant 1LG4-5 proteins.  MEF cell cultures were 

incubated with 20 ug/ml of EHS Lm-111 for one hour at 37oC with 1, 10, 20, 50, 100, or 

200 ug/ml of various recombinant 1LG4-5 proteins (figure 66).  The detectable bound 

laminin on MEFs simultaneously exposed to recombinant 1LG4-5/WT decreased by 

85%, however, MEFs treated with mutant 1LG4-5/KDR2860 exhibited a 95% decrease in 

bound laminin.  Treatment with 1LG4-5/RKR2721 + KRK2793 resulted in a 15% increase 

in bound laminin.  While mutants 1LG4-5/KRK2793, 1LG4-5/RKR2721, and 1LG4-

5/RKR2721, ability to inhibit laminin binding to the cell surface followed their DG affinities 

exhibited in the heparin and solid phase DG assays (i.e. the stronger the DG binding 

affinity, 1LG4-5/RAR2833 =1LG4-5/RKR2721 > 1LG4-5/RKR2721 >1LG4-5/KRK2793), 

the greater the demonstrated laminin binding inhibition on MEFs: 1LG4-5/RAR2833 

=1LG4-5/RKR2721 > 1LG4-5/RKR2721 >1LG4-5/KRK2793.   

 

Section VIC. Accumulation of various exogenous recombinant heterotrimeric Lm-

111s on the cell surfaces of MEFs. 

Lm-111 purified from EHS tumor and several recombinant heterotrimeric laminins were 

tested for their ability to bind the surface of MEFs which had not been loaded with 

sulfatide.  The Lm-111(U) bound slightly more than Lm-111(B) or recombinant Lm-

111Nm/Nh/Cf, however, DG staining colocalized faster and better with Lm-111(B) than 

Lm-111(U) or Lm-111Nm/Nh/Cf , perhaps due to the nidogen-1 attached to the laminin in 

Lm-111(B) (figure 67).  Recombinant Lm-111Nm/Nh/Cf coverage of the MEF surface was 

almost equal that of the two EHS purified Lm-111s, and Lm-111LG1-3Nm/Nh/Cf  
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accumulation was approximately equal to that of the Lm-111Nm/Nh/Cf, while Lm-

111LG1-5Nm/Nh/Cf  and Lm-111LG4-5Nm/Nh/Cf  binding was practically undetectable.  

The binding of recombinant 1 LG4 point mutations Lm-111RKR2721Nm/Nh/Cf  and Lm-

111RAR2833Nm/Nh/Cf was also very low; with RAR2833 binding slightly more than RKR2721.  

Two polymerization incompetent recombinant laminins, Lm-111Nm3/Nh/0 and Lm-

111LN-LEa0/Nh/Cf, exhibited a much reduced and finer punctuate coverage.  Figure 68 

shows two typical examples of the difference in the coverage pattern between 

polymerization competent Lm-111s with intact LG4-5 anchorage sites, Lm-111Nm/Nh/Cf for 

instance, and intact LG4-5 anchorage site but polymerization defective recombinant Lm-

111s, such as Lm-111LN-LEa0/Nh/Cf.    
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Section VII. Summary 

 Genetic analyses of mouse development have revealed that knockout of 1 laminin 

results in a failure of peri-implantation and peripheral nerve Schwann cell BM assembly.  

In contrast, knockout of nidogens, type IV collagen, perlecan, 1 integrins (if laminin is 

present) and dystroglycan (except for Reichert’s membrane) results in various defects of 

BMs, but not in a general failure of BM assembly.  Together, these data argue for a 

central role of laminin family members in BM assembly. 

 Similarly, laminins have been found to be a requirement of BM assembly in embryoid 

bodies, Schwann cells, and C2C12 myotubes.  Furthermore, evaluation of the laminin 

domains required for this assembly, a focus of this thesis research and of the Yurchenco 

laboratory, has strongly implicated both the N-terminal LN domains of the three 

individual laminin subunits (1, 1, and 1) and the C-terminal 1 LG4 domain found in 

laminin-111 as providing crucial binding interactions for assembly.  The LN domains 

have been found to mediate laminin polymerization while the LG4 domain has been 

found to mediate binding interactions to cell surface sulfatide and dystroglycan.  

Inactivation of either activity through mutageneis resulted in a failure to assemble a BM. 

 Further analysis of the sequences of 1 LG4 involved in sulfatide and DG binding 

have revealed partially overlapping Lysine and Arginine patches that interact with the 

carbohydrates of the mentioned cell surface ligands.  Recombinant 1LG4-5 inhibited 

laminin accumulation on cell cell surfaces (and to sulfatide), however, fairly high 

concentrations were required to acheive these inhibitions.   This occurred despite an 

inability to identify another major domain in laminin capable of binding to cell surfaces.  

While a loss of activity in the recombinant fragment might explain this apparent dilemma, 

different preparations exhibited this property.  A more likely explanation may lie in the 

“cooperativity” of interactions exhibited by intact laminin in which a series of additional 
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weak binding interactions may collectively increase the observed overall laminin 

adherence to the cell surface beyond that provided by LG4 alone.  These interactions 

seem likely to arise from LG1-3 (weak sulfatide and heparin binding), 1 LN (weak 

sulfatide and heparin binding) and from laminin poymerization which serves to tie 

together multiple laminins and hence multiple LG domains into a single cell binding unit.   

Restated, the LG4-5 fragment, while containing the major cell surface binding sites, must 

nonetheless compete against a complex with multiple binding interactions, including 

multiple LG4 interactions, when utilized as an inhibitory agent to block heterotrimeric 

laminin binding.  This may also explain why the binding of isolated LG4-5 to a sulfatide 

layer occurs with an apparent Kd that is weaker than that seen with intact laminin even 

though deletion of LG4 from heterotrimeric laminin causes a major (but not complete) 

loss of binding. 

 Studies of Li et al [71] in this laboratory provided evidence that sulfatide can be a 

major contributor to laminin anchorage to the cell surface and that dystroglycan may be 

dispensable (at least in ES cell derivatives).  This iss further supported by genetic 

evidence in which laminin containing BMs form in many tissues despite ablation of DG-

laminin binding (LARGE-myd mouse studies).  Nonetheless, the data of this thesis 

suggest that dystroglycan can enhance BM assembly, and while not required, may play 

some role in BM formation.  The differential binding detected for DG and sulfatide with 

recombinant heterotrimeric laminins Lm-111RKR2721Nm/Nh/Cf, Lm-111KRK2793Nm/Nh/Cf, 

and Lm-111RAR2833Nm/Nh/Cf should greatly assist iwith analyses in the future.  
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Section VIIA. Expression and characterization of recombinant heterotrimeric Lm-

111s. 

 The human embryonic kidney fibroblast HEK 293 cell line was chosen for production 

of recombinant heterotrimeric laminins for many reasons, including: fibroblasts in vivo 

are often factories for production of ECM proteins (including laminins), they can survive 

the expression of recombinant proteins under both the CMV and SV40 promoter, exhibit 

high levels of recombinant protein expression under both promoters, grow well in tissue 

culture, are adherent to tissue culture plastic, are easily transfected, and appear to have 

little or no basal endogeneous expression of the laminin chains which comprise laminin-

111 and laminin-211.  Furthermore, it is a human derived cell line and at the time we 

were working with mouse laminin chains.  The hope was to utilize this species difference 

to help delineate between the transfected mouse chains and any potential endogeneous 

human chains; espeicially since there was a potential basal level endogeneous 

contribution present or upregulated when the laminin chains were transfected into the 

cell line.  It was discovered that there was no, or barely, detectable levels of 

endogeneous mRNA or protein expression of the 1, 2, 5, 1, 2, and 1 laminin 

chains.  There was, however, a very low level of 2 present.  Neither was there a 

perceptible increase in expression of the endogeneous laminin chains once laminin 

expression constructs were introduced into the cells. 

  Despite many attempts to the contrary, it was not possible to obtain a stable cell line 

which produced all mouse or all human recombinant heterotrimeric laminin-111 without 

significant proteolytic degradation.  The mixed species recombinant heterotrimeric 

laminin-111 composed of a mouse 1, human 1, and human 1 laminin chain, was the 

only arrangement that produced un-cleaved protein.  Various expression constructs of 

the 1, 1, and 1 chain were created and transfected in combinations to produce 
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recombinant heterotrimeric laminin-111s.  The use of N-terminal FLAG, myc, HA, VSV-

G, and protein-C epitope tags on the 1 chain had no deleterious affect upon it's activity 

when it was a constituent of a recombinant heterotrimeric Lm-111 protein.  The use of a 

N-terminal triple myc tag (mycx3) on 1 did inhibit polymerization.  N-terminal VSV-G 

and HA tags were also permissible on the 1 chain constructs; though the HA tag did 

result in some of the 1 chain being secreted without being accompanied by the  and  

chain.  A system for recombinant heterotrimeric laminin production was established in 

which the 1 chains were expressed with a N-terminal myc epitope tag under puromycin 

selection, 1 chains with a N-terminal HA epitope tag under zeocin selection, and the 1 

chains with a C-terminal FLAG epitope tag under neomcycin/G418 selection.  The 

recombinant heterotrimeric laminins produced by this system were largely free of 

proteolytic degradation and were both quickly and easily extractable from the media of 

stable cell lines to a very high degree of purity and in a fully functional/active and 

morphologically “normal” state.  Furthermore, the rapid purification system developed 

favored high activity and minimal degradation of the recombinant heterotrimeric laminins. 

 All recombinant heterotrimeric laminin-111s containing intact N-terminal LN domains 

displayed normal polymerization activity and ability to bind to the surface of various 

examined cell lines in a basement membrane like pattern.  Any recombinant laminins 

containing deletion of an LN domain failed to polymerize and accumulate in appreciable 

amounts on the cell surface of examined cell lines.  ELISA results involving 

combinations of the N-terminal LN domains from the individual 1, 1, and 1 chains 

revealed that the only appreciable accumulation of recombinant proteins occurred when 

all of the individual LN domains from all three chains were present.  Furthermore, 

substitution of LN domains with other LN domains in recombinant heterotrimeric Lm-

111s, also resulted in laminins which failed to polymerize or accumulate.  All of these 
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experimental results further support the model that all three LN domains, one from each 

, , and  chain, are required for proper polymerization activity.  

 Recombinant laminin-111s containing deletions of the 1 N-terminal LN, C-terminal 

LG1-5, LG1-3, and LG4-5 reveal that the vast majority of heparin and sulfatide binding 

activity is derived from LG4-5 with minor contributions to both from the N-terminal LN 

domain of 1.  Furthermore, the binding to sulfatide is very sensitive to heparin and 

partially to EDTA treatment.  

 The heparin affinity of laminin-111 is greater than that of laminin-211 and laminin-111 

also binds more moles of sulfatide than laminin-211.  Furthermore, just like heparin 

binding, the processed form of laminin-211 binds sulfatide with a much lower affinity than 

the unprocessed form.  Laminin-111 also binds the surface of Schwann cells and C2C12 

myotubes more intensely than Laminin-211 and is much more efficient at converting 

embryonic stem cells into embroid bodies.   

 The generated recombinant laminins do not contain nidogen associated with them 

because the cell line used for their production does not express nidogen.  The 

generation of laminins without associated nidogen (laminin-nidogen complex), not 

available in purified EHS-tumor extracts where nidogen or its fragments are associated 

with the purified laminin, afforded the opportunity to ask what roles nidogen’s and type IV 

collagen’s interactions with laminin play in laminin’s accumulation and basement 

membrane formation on cell surfaces.  First the interaction of nidogen and type IV 

collagen with laminin was examined by Karen McKee.  The assay chosen was one that 

took advantage of the property of type IV collagen aggregation, in which the complexes 

that developed did not have to be subsequently diluted so as to be able to detect weak 

interactions.  This sedimentation assay demonstrated that nidogen associates with both 

laminin and type IV collagen and that it can provide a bridge between the two 
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polymerizable proteins.  Also, the data suggests that there exists a small yet measurable 

association directly between laminin and type IV collagen [471].  This was followed by a 

series of experiments, performed by Stephanie Capizzi, utilizing different combinations 

of laminin, nidogen, and type IV collagen and then analyzing the accumulation of each 

component on the cell surface of Schwann cells which revealed a small increase in 

laminin accumulation on the cell surface due to nidogen and type IV collagen 

interactions (appendix figure 13). 

 

Section VIIB. The role of laminin, its domains, individual amino acid residues, 

binding activities, and anchors/receptors in binding, accumulation and basement 

membrane formation on Schwann cell surfaces. 

 Despite the in vivo expression of 1 chain composed laminins by Schwann cells, 

laminin 1 expression is turned off shortly after culturing of the cells, however, the cells 

do continue to express type IV collagen, nidogen, perlecan, 1 containing integrins, 

dystroglycan, and sulfatide.  The secreted type IV collagen and nidogen are lost to the 

media without the prescence of laminin-111 or laminin-211 to anchor them to the cell 

surface and form a basement membrane.  Exogeneously supplied laminin-111 or 

laminin-211 will bind to the surface of the Schwann cells and result in deposition of type 

IV collagen and nidogen in a basement membrane like pattern, however, neither 

nidogen nor type IV collagen are required for Lm deposition or subsequent BM 

formation.  Furthermore, the increase in laminin binding with the concurrent addition of 

exogeneous nidogen and type IV collagen was minimal.  The laminin binding integrins 

are also not required for this event and those that are present are sequestered to the 

basal side of the Schwann cells in culture.  Both sulfatide and dystroglycan are 

expressed on the surface of the Schwann cells and are engaged by laminin.  Without 
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laminin’s presence, sulfatide and DG will not colocalize nor condense.  Whereas, once 

exogeneous laminin is supplied, laminin, sulfatide, and DG will colocalize, co-migrate 

and condense together.  Furthermore, laminin, sulfatide, and DG can be found both in 

lipid raft fractions of Schwann cell extracts and co-localized in immunohistochemical 

identified lipid rafts on the surface of Schwann cells.  Enzymatic hydrolysis, inhibition 

with a sulfatide binding protein, sulfatide loading, immunoprecipitations and solid phase 

binding experiments all demonstrate the specificity and requirement of laminin-111 for 

the sulfated glycolipid sulfatide.  Schwann cells will not bind laminin-111 without 

sulfatide, whereas, dystroglycan appears to be dispensable, yet may enhance overall 

binding (the DG blocking antibody IIH6 is a carbohydrate specific antibody which is not 

present on all expressed DGs).  Dystroglycan does provide a direct link to the 

intracellular cytoskeleton through it’s association with utrophin, a cytoskeleton protein 

which binds both DG and F-actin, however, only when both sulfatide and laminin are 

present.  Utrophin is recruited to the sulfatide-laminin-DG complex through its 

association with DG. 

 BMs have fairly distinct appearances in their ultrastructure. We examined the treated 

SCs by EM and found that the laminin-treated cells had long continuous thin ECM 

deposits typical of BMs. This was not observed if the sulfatide on the cell surface was 

first removed by treatment with arylsulfatase.  After removal of sulfatide from the cell 

surface, the laminin deposition could be restored by then loading the SCs with sulfatide 

and re-exposing the cells to exogeneous Lm-111. 

   Polymerization and anchorage blocking proteolytic fragments of Lm-111 

demonstrated the requirement of both laminin’s polymerization and LG4 anchorage 

activities for proper basement membrane formation.  Recombinant heterotrimeric Lm-

111s with deletions, chemical modifications (AEBSF), or interfering epitope tags, which 
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terminated the laminins’ polymerization capabilities also severely inhibit the laminin’s 

accumulation on the Schwann cell surface.  Furthermore, deletions and point 

mutagenesis of cell anchorage/receptor sites in LG4 will effectively terminate all binding 

of Lm-111 to the Schwann cell surface.     

 Solid phase binding assay results of the recombinant 1LG4-5s, examined in context 

of the three dimensional structure of 1 LG4-5, reveal that there are several binding 

activities in close proximity to one another in LG4 of 1, but that they are physically 

separated from one another and, therefore, not necessarily competitive; i.e. each 1 

LG4-5 can engage more than a single sulfatide molecule at one time and possibly 

simultaneously also DG or at least exchange sulfatide(s) for DG.  It also explains 1’s 

sensativity to both EDTA and heparin blockage in sulfatide, dystroglycan, and cell 

binding assays.  

 

 When the recombinant 1LG4-5 were utilized as inhibitors of exogeneous Lm-111 

binding on Schwann cell surfaces, the inhibitions observed required high competing 

concentrations of 1LG4-5.  One should not have expected any of the mutant 

recombinant 1LG4-5s to completely lose their ability to block unless the mutation(s) 

had completely wiped out all sites for all anchors/receptors present on the surface of the 

Schwann cells.  The complete inactivation of any single site for one anchor/receptor 

would still leave others present to which the recombinant 1LG4-5 would bind and 

prevent Lm-111 from binding.  However, the heterotrimeric Lm-111 posesses multiple 

anchors/receptors both in LG4 and outside those present in LG4-5 and will, therefore, 

have a greater total affinity and could potentially displace any blocking 1LG4-5 (figure 

69).  Furthermore, once anchored/bound to the cell surface, the Lm-111 with it multiple 

anchor and binding sites will be more difficult to disassociate than a recombinant 1LG4-
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5 in which one or more sites have been affected.  Even if the binding activity of just one 

site in an 1LG4-5 molecule had not been reduced, the competing Lm-111’s overall 

affinity will increase dramatically over the 1LG4-5 once it begins to engage/polymerize 

with other laminins and adds each of their binding sites to the collective and initiates a 

nucleation process which will exponentially increase the collective's binding affinity over 

that of any competing 1LG4-5.  Still further difficulties for the 1LG4-5 to be effective 

inhibitors on the cell surface, is the issure of how many of the engaged binding sites of 

the collective then must be replaced by the blocking 1LG4-5 in order to displace the 

collective Lm-111s from the surface of the Schwann cells or microtiter well.  In theory, a 

polymerized cluster of just 10 Lm-111s, each with 10 potential binding activities, could 

be potentially engaged in over 100 binding interactions, many of which may involve 

interactions not represented in 1 LG4-5 and therefore, uninhibitable by 1LG4-5.  

Furthermore, even an individual laminin which has had all of its anchorage sites with the 

cell surface interrupted will still remain part of the polymerized collective on the surface 

of the Schwann cell due to its binding/polymerization with other laminins in the collective.  

Yet another complication, is the observation that 1LG4-5 at low molar concentrations 

appearently increases Lm-111 binding on the cell surface and different mutants exhibit 

different proclivities with regards to this observed activity.  When taken all together, it 

soon becomes suprising that any inhibition of laminin was observable with 1LG4-5 on 

Schwann cell surfaces and that the interpretation of the results is very difficult. 

 The observed ability of 1LG4-5/KDR2860 to inhibit Lm-111 binding more effectively 

than WT may be due to a poor batch of 1LG4-5/WTNf or indicate that it binds to an 

anchor/receptor more strongly than WT.  An increase in affinity by the mutation 

represented in 1LG4-5/KDR2860  is plausible and may actually be due to its observed 

glycosylation difference when compared to the other recombinant 1LG4-5s.  Alterations 
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in glycosylation have been directly correlated to changes in affinities of several proteins, 

including binding of DG and midkine to both heparin and sulfatide, as well as, FGF to 

heparin.  Furthermore, and directly relevant was the demonstration that deglycosylation 

of 1LG4-5 lead to a significant decrease in DG binding affinity and a concurrent 

increase in heparin affinity.  The observed increase in inhibition of 1LG4-5/RAR2833 

over 1LG4-5/RKR2721 and 1LG4-5/RKR2721 correlates well with binding observed on 

the Schwann cell surface of point mutation containing heterotrimeric laminins, where Lm-

111RAR2833Nm/Nh/Cf binds slightly more than Lm-111RKR2721Nm/Nh/Cf. 

 The inability of the mutant recombinant 1LG4-5s to effectively prevent Lm-111 

binding on the cell surface supports the view of multiple anchors/receptors being 

engaged at the same time and that these interactions involve both DG and sulfatide, 

otherwise a single point mutation eliminating a single binding site would have been 

sufficient to eliminate the use of that recombinant 1LG4-5 as a blocking agent, and no 

blocking of Lm-111 would have been observed.  The fact that all the recombinant 

1LG4-5s were for the most part poor inhibitors, except for 1LG4-5/KDR2860 (formerly 

mutant rE3-J), means that there were several sites and anchors/receptors involved in 

binding to the cell surface.  For example, if anchorage was only dependent upon DG 

then the 1LG4-5s which severely hindered DG binding would not bind the surface of 

the Schwann cells and would not block binding and accumulation of exogeneous Lm-

111 at all, however, they did.  Therefore, they must have been binding the Schwann cell 

surface somewhere and through some receptor and sites other than DG.  A similar 

situation would explain 1LG4-5s which displayed severely hindered sulfatide binding.  

Analysis of sulfatide binding site contributions is further complicated by the existence of 

multiple sulfatide binding sites, within potentially different affinities, within LG4.  Since we 

know 1LG4-5 does bind both sulfatide and DG, only a mutation that either killed both 
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activities or if both activities were interconnected and dependent upon or required one 

another in Schwann cell anchorage, would a single mutation that does not directly affect 

both activities result in no observable decrease in Lm-111 binding being observed while 

using 1LG4-5 as an inhibitory agent. 

 In order to analyze the contributions of domains, amino acid residues, and specific 

activities of laminin in accumulation and basement membrane formation, several classes 

of modified laminins were incubated with Schwann cells and their accumulation 

analyzed.  The addition of WT laminins (WTa; Lm-111Nf/Nh/0, WTb; Lm-111Nm/Nh/Cf, Lm-

111Nm/Nh/0, Lm-111Nv/Nh/0, Lm-111Nh/Nh/0, Lm-111Nc/Nh/0, and Lm-111Nf/Nh/0) resulted in 

accumulation on the cell surface approaching the level of EHS purified Lm-111.  The 

laminin polymerization deficient, due to deletion of an N-terminal LN domain (Lm-

111LNNm/Nh/Cf, Lm-111LN-LEaNm/Nh/Cf, Lm-111LN-L4aNm/Nh/Cf, Lm-111LN-

L4bNm/Nh/Cf, Lm-111LN0/Nh/Cf, Lm-111LN-LEa0/Nh/Cf, Lm-111LNNm/Nh/Cf, and Lm-

111LN-LEaNm/Nh/Cf) or epitope tag blocking (Lm-111Nm3/Nh/0) recombinant laminins 

failed to significantly accumulate on the surface of Schwann cells.  Recombinant 

laminins not possessing the anchoring activities provided by the LG4 domain of the 1 

chain (Lm-111LG1-5Nm/Nh/Cf and Lm-111LG4-5Nm/Nh/Cf) failed to bind the Schwann 

cell surface at all.  The recombinant Lm-111LG1-3Nm/Nh/Cf bound the Schwann cell 

surface with an intensity almost as high as the recombinant WT laminins.  The 

chemically modified, polymerization and sulfatide binding deficient, AEBSF treated Lm-

111Nm/Nh/Cf-A did not bind the cell surface, whereas, the recombinant heterotrimeric 

laminins containing point mutations of specific residues within LG4 of the 1 chain (Lm-

111RKR2721Nm/Nh/Cf, Lm-111KRK2793Nm/Nh/Cf, and Lm-111RAR2833Nm/Nh/Cf) exhibited 

greatly reduced binding to the Schwann cell surface.  Clearly both polymerization and 

anchorage via 1 LG4 are required for accumulation and basement formation on the 
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surface of Schwann cells.  Furthermore, both the DG binding site and sulfatide site are 

required for efficient anchorage, accumulation, and basement membrane formation.  

 

Section VIIC. Interactions of recombinant laminins with type IV collagen and 

nidogen. 

The addition of a mixture of nidogen and type IV collagen to Lm-111WTNm/Nh/Cf resulted in 

only a small increase in the deposition of the laminin on the Schwann cell surface (figure 

50).  The addition of type IV collagen alone resulted in no increase in laminin 

accumulation, whereas, the addition of nidogen alone actually resulted in a small 

decrease in laminin accumulation (data not shown).  A more detailed examination of the 

interaction of recombinant laminins with type IV collagen and nidogen in the deposition 

of all three proteins on the Schwann cell surface was accomplished by Stephanie 

Capizzi (appendix figure 13).  A mixture of collagen, nidogen,and laminin resulted in an 

increase in type IV collagen deposition, but a mixture of just collagen and laminin did 

not.  The addition of nidogen and type IV collagen with non-polymerizing laminins, Lm-

111LNNm/Nh/Cf and Lm-11111LNNm/Nh/Cf, enabled increased accumulation of the 

non-polymerizing laminins on the Schwann cell surface.  In contrast, the addition of 

nidogen and type IV collagen with Lm-111LG1-5Nm/Nh/Cf, resulted in a negligible 

increase in accumulation.  Furthermore, when collagen, nidogen, and the nidogen 

binding mutant, Lm-111 1N802SNm/Nh/Cf, were added together, there was a very low 

accumulation of type IV collagen observed on the Schwann cell surface.  These results 

further support the conclussion that laminin accumulation and basement membrane 

formation do not require nidogen or collagen, however, nidogen will act as a bridge 

between laminin and type IV collagen, enabling accumulation of type IV collagen and a 

small increase in laminin deposition.   
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Section VIID. The effect of AEBSF treatment upon laminin-111 activities and 

ability to form a BM. 

 AEBSF treated laminin-111’s ability to polymerize is greatly reduced, as is its binding 

to sulfatide as measured in a solid phase sulfatide ELISA.  Furthermore,  AEBSF treated 

1LG4-5 also fails to bind in solid phase sulfatide ELISAs and fails to inhibit laminin-111 

binding both in the sulfatide ELISA and on Schwann cell surfaces.  The observed 

inability of AEBSF treated laminin to accumulate on cell surfaces is not due soley to 

AEBSF's inactivation of laminin's polymerization activity, as previously thought, but also, 

AEBSF's selective inactivation of 1 LG4's sulfatide binding activity leading to 

abolishment of laminin's anchorage through LG4.  Therefore, AEBSF treated laminin can 

not bind the cell surface and even if it could, it would not appreciably accumulate without 

the ability to polymerize.      

 

Section VIIE. Implications of potential 1 integrin inhibition by the C-terminal 

FLAG epitope tag on the 1 chain of recombinant heterotrimeric laminins. 

 Recent observations from another group, raised the issue if whether the C-terminal 

FLAG tag present on the 1 chain of most recombinant heterotrimeric laminins 

constructed and utilized by us may interfere with 1 integrin binding.  This issue was not 

relevant in experiments involving adherent cells (Schwann, C2C12, and MEF) because 

the vast majority of the 1 containing integrins are sequestered to the basal side of the 

cells and are not engaged by the exogeneously supllied laminin which deposits on the 

apical side of the cells.  This potential interference may actually be beneficial by 

removing any integrin contributions from the analyses.  Karen McKee was able to show 

that the FLAG epitope tag on the C-terminus of the laminin 1 chain did inhibit the ability 
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of heterotrimeric laminin containing such a modification to bind 1 integrin (data not 

shown). 

 

Section VIIF. The role of Lm-111 in ES cell differentiation, BM formation, and 

embryoid body formation. 

Not only do EBs derived from 1 laminin null ES cells fail to synthesize the 1 chain (null) 

but, they also turn off the expression of the 1 laminin chain.  As a result, just like the 1 

integrin null EBs, 1 laminin null EBs fail to form a BM, epiblast layer, or cavitate unless 

supplied with exogeneous Lm-111; after which they too can proceed through these 

developmental processes (figure 70).  Furthermore, the 1 laminin null EBs continue to 

secrete perlecan, nidogen, and type IV collagen, however, none of these BM 

components accumulate in a BM without the exogeneous supply of Lm-111. 

 The use of proteolytic fragments of Lm-111, mutant recombinant heterotrimeric Lm-

111s, and mutant recombinant 1LG4-5s, enabled the determination that both the 

polymerization activity provided by the N-terminal LN domain of all three laminin chains 

and the C-terminal LG4 domain of the 1 chain are required for Lm-111 to rescue Lm-

111 deficient EBs (figures 71).  The anchorage provided by LG4 could be further 

mapped to specific residues within LG4 and the receptors involved.  Polymerization 

inhibiting fragments E4 and E1’, as well as polymerization incompetent rLm-111s 

missing either the 1 LN domain or 1 LN domain or containing an N-terminal epitope 

tag which blocked polymerization, inhibited Lm-111 rescue or failed themselves to form 

a BM, differentiate to form an epiblast layer, or to cavitate.  The inhibition of 

polymerization by E1’ and it’s blocking ability in the Lm-111 rescues, could both be 

reversed by treating E1’ with AEBSF.  Similarly, Lm-111 treated with AEBSF also failed 

to rescue Lm-111 null EBs.  Lm-111 purified from EHS tumor was more efficient at 
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inducing epiblast differentiation than recombinant WT Lm-111.  This difference could be 

attributed to differences in post translational modifications; for example, the hyper-

glycosylation observed in Lm-111 purified from EHS tumors or differential glycosylation 

specific to the cell line utilized to produce the recombinant proteins.  Clearly, it is 

required that Lm-111 retain it’s polymerization capability, not just in order for it to 

function in, but also, for there to be any BM formation, epiblast differentiation, and 

cavitation in EBs. 

 Many of the recombinant Lm-111s generated were done with a 1 chain containing a 

C-terminal FLAG tag.  Recent results by others indicated a potential interaction between 

the C-terminus of the 1 chain and 1 LG1 when engaging 6/1 and 7/1 integrins, 

raising the issue of whether or not our FLAG epitope tag on the C-terminus of the 1 

chain may inhibit interaction between 1 and these integrins.  There was an observed 

increase in recombinant Lm-111's ability to rescue 1 laminin null EBs once the FLAG 

tag was removed from the 1 laminin chain of the construct (Lm-1110/Nh/Cf  vs. Lm-

111Nm/Nh/0) (figures 55 and 71), lending further credence to these concerns.   

  The role of anchorage provided by the LG domains of Laminin-111 was tested using 

a similar approach.  Proteolytic fragment E8 containing the 61, 64, and 71 

integrin, as well as HNK-1 binding site, failed to inhibit the rescue of 1 laminin null EBs.  

Taken together with the 1 integrin null and DG null EB observations, it becomes 

apparent that neither integrin binding nor DG binding is absolutely required in order for 

Lm-111 to function in the proper formation of an endodermal layer, BM formation, 

epiblast formation, and cavitation of EBs.  Treatment of ES cells with recombinant 

heterotrimeric Lm-111 missing LG1-5 (Lm-111LG1-5Nm/Nh/Cf) resulted in EBs which 

failed to form both a BM and a differentiated epiblast layer. Furthermore, both proteolytic 

fragment E3 and recombinant1LG4-5/WTNf both inhibited Lm-111 rescue of 1 laminin 
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null EBs.  Mutation of RKR2721 to AKA2721 in 1LG4-5/RKR2721 was shown to nearly wipe 

out all DG binding while not affecting sulfatide binding activity and inhibited Lm-111 

rescue of 1 laminin null EBs at levels approximating WT E3.  Whereas, mutation of 

KRK2793 to AAA2793 in1LG4-5/KRK2793, which was shown to have a small decrease in 

DG binding but a much larger decrease in sulfatide binding activity was a poor inhibitor 

of Lm-111 rescue of 1 laminin null EBs.  Obviously, just as the results from the solid 

phase binding assays predicted, 1LG4-5/RKR2721 could not bind DG, which is not 

required anyways as demonstrated by the DG null EBs, however, it still bound other 

anchors present on the cell surface other than DG, such as sulfatide (or another sulfated 

macromolecule, thereby blocking Lm-111 binding and it's subsequent rescue.  The 

recombinant1LG4-5/KRK2793, on the other hand, had only a reduced binding to DG, 

which was irrelevant, but had a much larger decrease in sulfatide binding, a required 

anchor (or at the very least a binding site for another sulfated macromolecule) which it 

could not bind and therefore block the exogeneous Lm-111 from binding to and rescuing 

the 1 null EBs.  The use of these mutated recombinant 1 laminin LG4-5s with 

demonstrated differences in their affinities for heparin, sulfatide, and DG revealed, 

through their ability to block the rescue of 1 laminin null EBs via the addition of 

exogeneous Lm-111, that the sulfatide binding contribution is more necessary than DG 

binding in Lm-111s ability to rescue Lm-111 deficient EBs.  Therefore, both N-terminal 

LN driven polymerization and C-terminal 1 LG4 mediated anchorage of laminin-111 are 

required activities for laminin-111 to form basement membranes and induce epiblast 

differentiation and polarization in embryoid bodies.  
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Section VIIG. The role of laminin-111 and its receptors in C2C12 myotubes. 

 It was suprising that the recombinant 1LG4-5/WTNf was unable to cause a more 

complete inhibition of Lm-111 binding on C2C12 mytoubes, given that Lm-111LG1-

3Nm/Nh/Cf binding was equivalent to WT Lm-111Nm/Nh/Cf coverage of C2C12 myotubes and 

that deletion of either LG1-5 or LG4-5 abrogated that coverage (figure 56).  Perhaps, the 

polymerizing activity of laminin or interaction with other macromolecules or receptors is 

able to compensate or overcome loss of multiple anchorage sites.  Once individual 

laminin molecules begin to polymerize it may become necessary for all or most of the 

anchorage sites of each laminin molecule in the polymerized collective to be blocked in 

order to stop or reverse further laminin binding and BM formation.  Polymerization per se 

does not require anchorage, therefore, once a nucleation event of perhaps just a few 

laminin molecules is inititated, more laminin can bind this collective irregardless of their 

individual anchorage status.  While possibly not the case in this cell system, this problem 

can be complicated not just by the multiple anchors of LG4-5 but also, LG1-3, the LN 

domain, and other binding partners (such as agrin, perlecan, nidogen…) which may 

themselves potentially bind other anchors which may or may not be present.  The 

difference in observed inhibition between the mutant 1LG4-5s did not follow the same 

relationship as that observed for either sulfatide or DG affinity. 

 Recombinant WT laminin, Lm-111Nm/Nh/Cf, bound to the C2C12 mytoube surface with 

the same intensity as EHS purified Lm-111.  Recombinant WT laminins tended not to 

achieve equal binding with EHS Lm-111 when examined with Schwann cells.  

Furthermore, the Lm-111LG1-3Nm/Nh/Cf showed no decrease in C2C12 binding (figure 

56).  Deletion of LG1-5 or LG4-5 resulted in almost a complete loss of binding, therefore, 

the critical anchorage site(s) in Lm-111, with regards to binding C2C12 mytoubes, must 

exist in LG4-5.  The full length recombinant heterotrimeric laminins containing point 
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mutations in 1 LG4, Lm-111RKR2721Nm/Nh/Cf (similar to mutant 1LG4-5 mutants 

RKR2721 which moderately affected DG binding and sulfatide binding and RAR2721 

which severely affected DG binding but did not affect sulfatide binding) and Lm-

111RAR2833Nm/Nh/Cf, (similar to mutant 1LG4-5 RAR2833 which severely affected both 

DG and sulfatide binding) both practically abolished laminin binding to the cell surface.  

When these results are examined along with the observations that the 1 integrin 

blocking antibody Ha2/5 and the DG blocking antibody IIH6, both failed individualy and 

together to block Lm-111 binding to the C2C12 cell surface (figure 57), and that 1LG4-

5/KDR2860, a mutant with a severe DG binding defect and a moderate sulfatide binding 

defect, was observed to still inhibit exogeneous Lm-111 binding to the C2C12 cell 

surface; it suggests, not only, that in C2C12 myotubes both laminin polymerization and 

anchorage through 1 LG4 are required for laminin accumulation, but also, that while the 

anchorage through 1 LG4 may not require DG, it definitely requires another anchor in 

combination or alone, and that anchor is not sulfatide, as in the Schwann cell. 

 

Section VIIH. Insights derived from the role of Lm-111 and its receptors in MEFs. 

 Much like the Schwann cells, mouse embryonic lung fibroblasts do not express 

laminin-111, however, unlike the Schwann cells, MEFs also do not express sulfatide.  

They do synthesize and secrete type IV collagen and nidogen, however, without laminin-

111 to anchor them to the cell surface they are secreted out into the media and do not 

accumulate on the MEF cell surface to any appreciable degree.  The multiple anchorage 

sites present in laminin 1 LG4 make the identification of specific amino acid residues 

and dissection of their contribution to individual activities difficult.  A further complication 

is not knowing the identity of all the potential receptors nor their distribution in any given 

cell system.  MEFs offer the opportunity to perform analyses with or without one of these 
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anchoring molecules being present – sulfatide.  Sulfatide is absent from MEFs and 

dystroglycan appears to be the major receptor present for 1 LG4.  The absence of 

sulfatide also allowed for the potential opportunity through sulfatide loading or not 

loading of WT and DG null MEFs to create a platform for a quasi biological in vivo 

equivalent of the solid phase ELISA assays.  Using a dynamic cell membrane as a 

platform rather than a static solid phase surface has several advantages, including: 

being able to present fewer receptors/anchors for interaction in a more dispersed format 

and thereby avoid the packing and stearic hindrance issues inherent in coating a solid 

phase substrate, receptors are correctly orientated for presentation to ligand in 

biologically relevant surroundings and geometry, receptors are much more likely to be 

present in their native and true conformation, lateral movements are possible, and the 

monitoring of downstream events such as migration, condensation, cytoskeletal 

rearrangement, and cell signaling are possible.  

 Like the Schwann cells, which do contain sulfatide on their cell surface, if the MEFs 

have not been loaded with sulfatide (i.e. contain no sulfatide), exogenous laminin will still 

bind on the cell surface via DG, the laminin will provide an anchor for the secreted 

nidogen and type IV collagen, and all four components (Lm, DG, Nidogen, and type IV 

collagen) will condense towards the center of the cell.  The laminin and DG both co-

localize together and with GM1 in a classic lipid raft distribution pattern (figure 61B).  

Unlike the Schwann cells, however, without the presence of sulfatide, the complexes in 

MEFs will stay as separate small punctate "islands", never joining into continuous 

structures that constitute a typical basement membrane pattern (figures 59 and 63).  

However, if the MEFs are first loaded with sulfatide and then incubated with exogeneous 

laminin, the same process will occur, however, the smaller complexes (small lipid rafts), 

will merge into higher order lipid raft structures as the rafts condense and a basement 
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membrane will be formed (figure 65).  The observed phenomena is very similar in 

appearance to the in vitro lipid rafts created in lipid vesicle and bilayer experiments 

where raft formation and changes in both size and lipid composition are induced by 

altering the lipid mixtures.  What is not similar, nor typical of behavior normally seen on 

cell surfaces, is the stability of these observed rafts once exposed to and bound by 

exogeneous laminin-111 (figure 64).  The behavior of the sulfatide loaded and non-

loaded MEFs clearly demonstrate not only the requirement for sulfatide and laminin, but 

also, the roles they play in lipid raft and subsequent basement membrane formation. 

 Furthermore, the addition and accumulation of exogneous laminin on the cell surface 

of MEFs is insufficient to induce Src phosphorylation unless the cells are also loaded 

with sulfatide.  The observed Src activation does not occur if the laminin is incapable of 

polymerizing (either through fragment inhibition, chemical modification, or LN domain 

deletion) or anchoring to the cell surface through 1 LG4 (either through fragment 

inhibition, chemical modification, LG4 domain deletion, and LG4 point mutations).  This 

activation is prevented by antibody which blocks the binding of Lm-111 to DG.  Laminin 

1 LG4 anchorage ligates laminin to DG but Lm-111 polymerization is required to 

sufficiently aggregate the DG and the putative complex it is part of (and thereby 

indirectly Src), to a point where Src activation will be induced. 

   While LG4 is required for binding to the surface of MEFs, the polymerization activity 

of laminin-111 is also required for larger aggregate formation, condensation and 

basement membrane formation.  The polymerization incapable recombinant Lm-

111Nm3/Nh/0 and Lm-111LN-LEa0/Nh/Cf will bind to the MEF cell surface to a much lesser 

degree and with a much finer punctuate coverage pattern than WT laminin, furthermore, 

it  does not seem to migrate or condense (figure 67and 68).  In Figure 68, the exposure 

is increased threefold in the mutant Lm-111 in order to be able to observe the pattern.  
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Lm-111 will bind the MEF cell surface as long as it has a functional LG4, however, it 

requires laminin's polymerization activity to form larger (but still small) aggregates.  

MEF's then require sulfatide and laminin's polymerization activity to form still larger 

higher order aggregates (lipid rafts).  Both the smaller order and larger higher order 

aggregates/rafts will both migrate and condense, however, only the larger higher order 

aggregates/rafts which require sulfatide and laminin polymerization will join into still 

larger aggregated complexes and form a basement membrane. 

 

 A puzzling observation initially was that recombinant WT 1LG4-5 was generally an 

“inefficient” inhibitor of Lm-111 binding in both sulfatide and cell surface assays, 

requiring high molar excess to affect effective inhibition.  This may be explainable by 

assuming the existence of cooperative binding and, when examined in context with the 

recombinant 1LG4-5 and heterotrimeric laminin characterizations and cellular 

deposition results, fits together to describe an elegant solution by nature's design for a 

complicated problem.  Assume for a moment that there are only three binding sites in 

LG4, there are probably more and this is an intentional oversimplification, indicated in 

figure 69 and 72 by: “S1” (1
st sulfatide binding site), “S2” (2

nd sulfatide binding site), and 

“DG” (DG binding site).  Also, for the moment, disregard other potential binding events 

between laminin and other receptors/anchors or factors which bind to other 

anchors/receptors on the cell surface and may contribute to laminin accumulation on the 

cell surface, for example: the heparin, syndecan, perlecan, or fibulin binding activities 

present in 1 LG4, 1 integrin binding activity in 1 LG1-3, integrin and polymerization 

activities of the N-terminal LN domain of the 1 chain, nidogen, agrin, etc.  Mutation and 

inactivation of site “DG” in a recombinant 1LG4-5 may be shown via solid phase assay, 

however, when this recombinant fragment is used in an attempt to block binding and 
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accumulation of heterotrimeric laminin, it would still act as an effective blocking agent 

unless the binding of “S1” and “S2”, together or individualy, were also affected directly or 

indirectly by mutation of site “DG”, require DG for binding, or the binding interactions in 

question are so weak that all three or two are required for anchorage to the cell surface.  

Despite the specificity, laminin-to-sulfatide affinities are quite weak as are sulfatide-to-

sulfatide affinities.  These weak affinities are compensated for and require increased 

numbers of interactions and distant but linked higher affinity interactions.  The ability of 

laminins to polymerize allows for dramatic increases in net affinity by the simple fact that 

each laminin which joins the bound collective brings with it several binding interactions 

which it adds to the collective’s overall binding affinity.  The cumulative effect, much like 

the cumulative effect of hydrogen bond contributions in protein folding, structure 

maintenance, and stability, is the production of a very high overall binding affinity due to 

the accumulation of large numbers of low affinity bindings which have become linked 

together.  This effect is still further increased through laminin accumulation by laminin 

polymerization and interaction with other factors which bind laminins together directly or 

indirectly (nidogen and type IV collagen) and directly or indirectly to other factors, 

anchors, and receptors (agrin, dystroglycan, integrin, perlecan, etc.) forming large 

complexes.  This process makes for an apparent binding event which is much stronger 

and more resilient than it would otherwise be if it were just a single isolated binding 

event.  Like the individual grains of sand in cement (with rebar in this case), which 

individually are held together very weakly (as anyone who has attempted to build 

sandcastle for their impatient child at the Jersey shore can attest to), but with numbers 

and increased interactions with other molecules become very strong and resilient. 

 This process also explains why the accumulation of polymerization defective 

recombinant heterotrimeric Lm-111 mutants and native non-polymerizing laminin family 

members on certain cell surfaces is so low and there is no observable basement 
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membrane formation despite no apparent loss of anchorage/receptor sites in the laminin.  

Polymerization is neccesarry in order to increase the number of binding events and 

overcome the inherent limitation of the individual low affinity binding events.  This 

represents an elegant solution and control mechanism for formation of basement 

membranes only where all these factors are localized to specific sites, in sufficient 

numbers, and in the prescence of a polymerizable laminin.  Furthemore, these 

anchorage interactions, such as laminin-to-sulfatide as well as sulfatide-to-sulfatide, are 

out of necessity of low affinity and rely on increases in local concentrations, such as 

aggregate formation and lipid rafts, to increase their affinity.  If these interactions were of 

high affinity, basement membranes would form in every temporal and spatial location 

one of these receptors/anchors was present not just at defined spatial and temporal 

locations (and we would become immobile cement statues not sunburned nimble 

sandcastle builders chasing our dreams down the beach). 

 

 Lm-111 is capable of inducing cytoskeletal rearrangements through dystroglycan.  

While Lm-111 will assemble, accumulate, and condense on the cell surface of MEFs in 

the prescence of DG, it will not form a proper BM without the involvement of another 

one of its anchors - a sulfated glycolipid.  Unlike the observed Schwann cells which 

posses both DG and sulfatide, unless sulfatide is provided to the MEFs, exogeneous 

Lm-111 will accumulate, condense, and move towards the center of the cell, however, it 

will retain its punctuate appearance and not coalesce into a BM pattern as in the 

Schwann cell or MEFs loaded with sulfatide.  Not only are sulfatide, laminin, and DG 

often found within lipid rafts, lipid raft complexes containing these molecules are also 

highly enriched in certain GMs and contain caveolin.  Furthermore, the observed 

aggregation and condensation patterns, including the clearing around the nucleus, are 

typical of caveolin-1 dependent endocystosis of gylcosphingolipids and classic lipid raft 
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characteristics.  Also observed, as is typical of lipid rafts and their constitive molecules, 

was association with and influence upon the behavior of cytoskeletal components and 

induction of cell signaling through Src, FAK, and caveolin-1.  The results show that 

sulfatide loaded MEFs clearly form a BM when supplied with exogeneous Lm-111, 

whereas, the non-sulfatide loaded MEFs will not.  Furthermore, Src activation and 

downstream cell signaling, such as caveolin-1 phosphorylation, induced by laminin 

requires that the Lm-111 not only posess both its polymerization and LG4 anchorage 

through both DG and sulfatide, but that both DG and sulfatide be present and engaged 

by laminin.  1 containing Integrins are not required in this process.  There is remarkable 

similarity between the role of sulfatide in laminin-111 anchorage and the role of HSPGs 

like perlecan and syndecan which, like sulfatide, are low affinity receptors for their 

ligands, growth factors like FGF and VEGF, and function to both bring and present 

ligand to receptor complexes and increase ligand concentrations in these complexes in 

order to favor higher order affinity interactions of the ligands with their other receptors.  

Furthermore, HSPG and sulfatide are also typically found in lipid rafts and the molecules 

they weakly bind and bring to complexes are capable of activating the same cell 

signaling pathways we observed. 

 Furthermore, the exogeneous laminin-111 appears to provide a means to stabilize 

the otherwise transitory nature of lipid rafts by bringing together and holding in place not 

just sulfatides and DG, but also, other factors and lipids associated with them into a 

complex; initially through the anchorage activity of the laminin 1 LG4 domain and then 

through laminin polymerization holding them in place, recruiting more factors to the 

collective, and not allowing them to disperse.  Laminin provides a function similar in 

manner to the crosslinking of GM1 by treatment with cholera toxin subunit B (CT-B) and 

antibody to CT-B performed routinely to imoblize lipid rafts and stop them from 
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dispersing for study [474].  In vitro, the binding interactions of laminin with 

receptors/anchors on the cell surface and its components are "cemented" in place by 

further interactions on the extraceullular side, intracellular side, and within the membrane 

(lipid raft) itself.  The resulting complex and/or lipid raft interactions are bolstered by 

molecules on the extracellular side which accumulate through laminin and tie the 

complex on the cell surface to the extracellular matrix through interactions such as 

nidogen's linkage to a type IV collagen network and directly through laminin to other 

constituents of the lipid rafts on the cell surface via laminin's interaction with molecules 

such as agrin, perlecan, integrin, DG, and syndecan.  The glycosphingolipids (GSLs) 

which compose the raft contribute their attraction to one another [475] and many of the 

other molecules which compose it [476, 477], as well as interactions between non-lipid 

components, to also stabilize the complex.  The intracellular side of the lipid raft 

complexes are then stailized by linkages through complexes to the cytoskeletal F-actin 

via such means as dystroglycan's interaction with cytosolic dystrophin and utrophin 

complexes and integrin's interaction with -actinin and talin (and through both of them 

vinculin) as well as glycosylphosphatidylinositol (GPI) [475, 478, 479] anchored proteins, 

caveolins [479] and cell signaling complexes [480, 481].  If not the glue which holds 

everything together, laminin is, at the very least, both the workhorse through and of 

which the glue is made.  
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Chapter 5.  Summary and Conclusions 

Basement membranes (BMs) are cell surface-associated extracellular matrices (ECMs) 

composed primarily of an interconnected network of laminin and type IV collagen 

meshes.  A system of producing recombinant heterotrimeric laminin-111 and laminin 1 

LG4-5 was devised in order to examine laminin's different activities and their 

role/contribution to laminin binding, accumulation, and basement membrane formation.  

Various recombinant laminin proteins were created not only to identify the critical 

residues pertaining to a given binding interaction, but also, so residues responsible for a 

given binding interaction could be selectively removed and the role of that binding 

interaction in BM formation determined.  Recombinant proteins were designed with an 

optimized 5’UTR which increased recombinant production levels by more than 4 fold 

over previous constructs, followed by the BM40 signal sequence for secretion, an 

epitope tag for purification and detection, the recognition site for cleavage by 

Enterokinase in order to cleave off the epitope tag if desired, and the desired laminin 

sequence.  The expression constructs also included a unique antibiotic selectable 

marker on the expression construct.  The kidney fibroblast 293 cell line was chosen for 

production of the recombinant proteins because it is easily transfected and maintained in 

culture, can produce large amounts of recombinant protein, and in vivo is typically a 

source of extracellular matrix proteins and therefore deemed most likely to provide post-

translational modifications similar to those observed in vivo.   

 

  Three types of molecules have been described that mediate the interaction of 

1LG4-5 with cell surfaces: heparin/heparan sulfates, sulfated glycolipids (sulfatides), 

and -DG. Since the interaction of all three appear to be dominated by electrostatic 

forces between negatively charged receptor moities (e.g., sulfate groups) and basic 
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amino acid side chains (Arg and Lys residues) in the LG4 domain of 1 LG4-5 [162, 305, 

324, 297, 482], the positively charged amino acids Lys and Arg were the focus for the 

mutational analysis of 1LG4-5.  Previous studies had identified residues in LG4, either 

by site-directed mutagenesis [162] or by systematic peptide mapping [483].  Mouse 

laminin 1 LG4 contains 19 Lys and Arg residues and 8 His residues.  Homology and 

energy minimization computer modeling programs along with tabulation of secondary 

structure prediction programs and individual amino acid residue characteristics, enabled 

the prediction of the three dimensional structure of mouse 1 LG4-5 using the 

coordinates from the crystal structure of the homologous mouse 2 LG4-5.  This 

generated homology model of mouse 1 LG4-5 and data from the analyses performed 

were then utilized to identify individual amino acid residues for mutagenesis.  Histidine 

residues were not included in the mutational screen because of their inherent restricted 

conformational constraints and key roles in secondary structures.  Seven mutant 1LG4-

5s were created for the first mutational screen and examined.  All analyses revealed that 

no single basic residue is exclusively associated with one activity.  In the case of 1 

LG4-5, loss of overall charge affects all three components, but to different degrees.  Of 

the three molecules evaluated, we found that loss of heparin binding correlated best with 

a decrease in overall basic charge, whereas, loss of dystroglycan correlated least with 

charge (figures 23C, 24F, and 26E). 

 Furthermore, when one compares the contributions of different residues to binding 

and maps these to the surface topography of the domains as shown for the 1  LG4-5 

subunit in Figure 73, it becomes evident there are distinct differences in residue 

contributions such that mutations of residues within a cluster can cause a substantially 

greater loss of one activity compared to another.  Notably, Ala substitution of Arg2719 and 
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Lys2720 results in an eleven-fold loss of dystroglycan binding compared to a less than 

two-fold loss of sulfatide binding and modest decrease in heparin affinity elution.  

 Compared to the earlier study of Andac et al., [162] which evaluated binding 

interactions of recombinant 1 LG4, we found similar heparin elution behaviour for those 

sequences evaluated in common (figure 23).  Furthermore, a recent report used an 

energy minimalization analysis of the laminin 2 LG4 structure to gain insight into the 1 

LG4 structure and its interaction with syndecans [484].  The syndecan binding activity, 

reflecting a heparan sulfate contribution, was found with a solid phase binding assay to 

depend upon contributions from RKR2721 and KRK2793 and is in agreement with both our 

heparin binding data and crystal structure.  However, considerably different interactions 

for interactions of LG4-5 with dystroglycan and sulfatide were found with our data 

compared to those of Andac et al., i.e. interactions of dystroglycan to KGRTK2770 (145 

vs. > 3500 nM; figure 24), sulfatide to RAR2833 (2250 vs. 19 nM) and sulfatide to KDR2860 

(438 vs. 37 nM) were observed (figure 26).  Possible reasons for these differences are 

modulating effects, e.g. those, arising from the adjacent and disulfide-linked LG5 domain 

and differences in methodology as discussed earlier.  Perhaps the most striking 

contributions came from RKR2721 (mutant protein 1LG4-5/RKR2721), which was required 

for dystroglycan binding but not sulfatide binding, and RAR2833 (mutant protein 1LG4-

5/RAR2833), which was required for both.  These binding results and their location in the 

new crystal structure for mouse 1 LG4-5 that we determined, enabled assignment of 

the heparin/heparan sulfate binding site of laminin 1 to the basic patch of LG4 made up 

of RKR2721 and KRK2793.  The -DG binding site is formed by a larger, semi-circular 

arrangement of basic side chains with a key role played by residues, RAR2833 and 

KDR2860, located away from the heparin binding site (figure 73).  This binding site also 

involves both the N-linked glycosylation moiety of Asn2811 located on the rim of this 
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circular arrangement and the Ca2+ found bound in the center of this circular arrangement 

of basic charges.  Laminin 1 LG4 appears to contain two sulfatide binding loci:  one site 

involves the bound Ca2+ ion of LG4 and is affected by and situated adjacent to Arg2833 of 

RAR2833 and the Lys2766 of KGRTK2770.  The second site is "around the bend" in LG4 and 

is both closer in proximity to and affected by the second Arg2831 residue of RAR2833.  That 

is why 1LG4-5/RAR2833 completely abolishes sulfatide binding (it affects both sulfatide 

sites), 1LG4-5/KGRTK2770 cuts sulfatide binding in half (it affects the site adjacent to 

the bound Ca2+), and many of the other mutant recombinant 1LG4-5s (1LG4-

5/RKR2721, 1LG4-5/RKR2721, and1LG4-5/KRK2793) situated around the charged ring 

containing the calcium site indirectly affect sulfatide binding, quite possibly just by 

affecting the Ca2+ or adjacent N-linked glycosylation site of Asn2811.  This explanation 

also fits the sulfatide immunoprecipitation data and would also explain why in the 

prescence of EDTA, sulfatide binding is cut in half, i.e. Ca2+ is required for just one of the 

two sulfatide sites in LG4.  Furthermore, a two site fit of the sulfatide ELISA plots works 

much better for several of the recombinant 1LG4-5s than the single site fit did. 

 Despite the conservation in secondary and tertiary sequence, as well as binding 

ligands, the identity and locations of the residues involved in receptor/anchorage binding 

activities and their affinities in the respective 1 and 2 LG4-5s differ.  This along with 

identification of the critical residues for these interactions and the mapping of their 

location onto the crystal structure of 1 LG4-5 that we obtained, explain certain 

observations, such as the ability of heparin to block DG binding in 1 but not 2 

laminin and the Ca2+ requirement for DG and sulfatide binding.  The LG4 domain is the 

major site of heparin, DG, and sulfatide binding in 1 laminin.  It contains just one DG 

binding site and also binds both sulfatide and heparin with higher affinity than 2; 1 

also possess two sulfatide binding sites as opposed to 2 LG4-5's one site.  Laminin 2 
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contains DG binding site(s) within both LG1-3 and LG4-5, whereas, there is only one 

DG binding site within 1 and it is located in LG4.  Proteolytic processing in LG3 of 2 

further complicates the comparison, as the proteolytic processing disrupts a potential 

binding site and whether or not the released C-terminal fragment remains associated 

with the G domain also affects several binding activities. The DG site in 1 LG4 is 

adjacent to the heparin binding site, whereas, that is not the case in 2 and that is why 

heparin can block DG binding in 1 but not in 2.  Both 1 and 2 DG binding sites 

are adjacent to Ca2+ binding sites and that is why DG binding in both 1 and 2 can be 

abolished with EDTA treatment.  Furthermore, not all analogous residues have been 

studied by mutation; for instance, the RKR2721 sequence of 1 LG4-5 is represented by 

KNR in 2 LG4-5, but that sequence was not targetted by Wizemann et al. [482], 

therefore, there are still more similarities and disparities between 1 and 2 to be 

investigated.   

 It should be noted that due to the conformational constraints imposed by the disulfide 

linkages, the location of the identified binding sites are at the distal end of 1LG4-5 

(relative to the LG3-LG4 linker), i.e. well positioned for anchorage to cell surfaces. 

 The 1 LG4-5 mutagenesis approach enabled identification and determination of key 

residues involved in specific binding activities and the ability to select just a few residues 

for inclusion in full length recombinant heterotrimeric laminins for further testing without 

the monumental effort of generating large numbers of recombinant full length 

heterotrimeric laminins.  Furthermore, since laminin contains several binding 

interactions, the analysis of the smaller recombinant fragment data aided in the 

interpretation of the results garnered from the recombinant heterotrimeric laminins and 

enabled identification and preclution of those interactions stemming from outside of LG4-

5 which would have influenced interpretation of the results.  
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  Laminin-111 requires both it's self polymerization activity, mediated by the N-terminal 

LN domains of the individual 1, 1, and 1 subunit chains, as well as it's cell anchorage 

activities, mediated by the C-terminal LG4 module of the 1 chain, for proper basement 

membrane formation.  These activities, the residues in laminin involved, their 

requirement, and the consequences of their absence were tested in several cell 

systems, including:  Schwann cells, several embryonic stem cell lines and embryoid 

bodies derived from them, C2C12 myotubes, and mouse embryonic fibroblasts.  

Consistently in all systems examined, in order for proper laminin accumulation and 

basement membrane formation to occur, laminin-111 required both polymerization and 

anchorage activities.  Recombinant trimeric Lm-111s missing the N-terminal LN or LN 

and adjoining EGF repeats from either the 1, 1, or 1 chain failed to polymerize and 

form a BM.  Domain swaps, chemical inactivation, and a triple myc eptiope tag on the N-

terminus of 1 of Lm-111 also resulted in loss of polymerization and the ability to form a 

BM on Schwann cells, C2C12 myotubes, and MEF (loaded with sulfatide).  Recombinant 

trimeric Lm-111s missing either the C-terminal LG1-5 or LG4-5 also failed to form a BM 

when tested on Schwann cells or C212 myotubes, whereas, recombinant trimeric Lm-

111 missing LG1-3 but retaining LG4-5 did form a BM.  Furthermore, the recruitment of 

type IV collagen to the basement membrane appears to be mediated through a nidogen 

bridge with laminin.  Exogeneously added fully functional Lm-111 enables BM formation, 

proper differentiation, formation of an epiblast layer, and cavitation in embryoid bodies 

from both 1 laminin null and 1-integrin null embryonic stem cells (figure 54).  Any loss 

of polymerization or 1 LG4 anchorage resulted in a failure to rescue (figure 55).  The 

combination of laminin transport across the outer endodermal layer and it's 

concentration in the relatively small confined space between the endodermal and 

developing outer epiblast layer of the inner cell mass, lead to a dramatic increase in 
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localized critical concentration levels which made for ideal inhibition environments.  

Furthermore, DG null ES cells could differentiate, form a BM and EBs, however, DG is 

clearly required for continued survival of the differentiated epiblast layer. 

 In Schwann cells, sulfatide provides a glycolipid anchor for proper laminin 

accumulation and BM formation.  Both solid phase ELISA and Schwann cell 

experiments, not only, demonstrated the specificity requirement for the sulfate moiety on 

sulfatide, but also, the location and identity of the residues involved in binding sites in 1 

LG4.  MEF's lack of sulfatide and abilty to be loaded with sulfatide, along with the data 

collected in the Schwann cell system, provided the opportunity to examine the roles of 

sulfatide and DG, both individually and in concert, and examine DG's role without the 

masking contribution of sulfatide to discern from.   MEFs isolated from a DG null line 

contain neither DG nor sulfatide.  Dr. Shaohua Li showed [71] the nidogen and type IV 

collagen the MEFs secrete will not be retained on the cell surface, no basement 

membrane will form, nor is there Src cell signaling.  If exogeneous Lm-111 is supplied, it 

will not bind the cell surface and there is no change in the behavior of the cell, unless the 

cells are first loaded with sulfatide.  In which case, the exogeneous Lm-111 will bind on 

the cell surface, aggregate, condense, and form a BM.  Type IV collagen and nidogen 

will bind and co-localize with the exogeneous laminin, however, no Src 

phosphorylation/activation will occur without the presence of DG.  MEF cells containing 

DG (but no sulfatide) will bind exogeneous Lm-111 on the cell surface.  Several laminin 

molecules will aggregate (probably polymerizing) and other extracellular proteins, such 

as nidogen and type IV collagen, which bind laminin, as well as GM1 will also 

accumulate in micro lipid raft complexes which form.  The laminin stabilizes the normally 

transitory lipid raft complex and these complexes will migrate and condense, however, 

they will not join in higher order lipid raft complexes, they will not form a proper 

basement membrane, nor will Src activation be induced.  With the addition of 
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exogeneous Lm-111, the exogeneous laminin, endogeneous nidogen-1, and 

endogeneous type IV collagen will bind the cell surface, however, without sulfatide they 

will not migrate, condense, and form higher order lipid raft complexes, form a proper 

basement membrane, nor induce Src phosphorylation/activation.  Polymerization 

deficient recombinant Lm-111s will bind the cell surface of sulfatide deficient MEFs 

through DG, however, they will not form micro lipid complexes, migrate, condense, or 

form a basement membrane.  Deletion of the anchorage sites in domain LG4, 

represented in recombinant Lm-111LG1-5Nm/Nh/Cf and LG1-3Nm/Nh/Cf, resulted in 

laminins not able to bind the cell surface of MEFs, whereas, both heterotrimeric point 

mutation Lm-111RKR2721Nm/Nh/Cf and Lm-111RAR2833Nm/Nh/Cf accumulated very poorly 

on the cell surface.  Just like our earlier findings in embryoid bodies and Schwann cells, 

the MEF results suggest a prominent role of sulfated glycolipids with more of a signalling 

rather than an anchorage contribution arising from dystroglycan, though dystroglycan is 

capable of supplying sufficient anchorage for binding of laminin to the cell surface and is 

required for Src activation. 

 MEFs and Schwann cells require sulfatide (or sulfated carbohydrate moiety) as an 

anchor to varying degrees, DG may be dispensible if a sulfatide anchor is present, but 

required if sulfatide is absent for anchorage, however, higher order aggregations and 

basement membrane formation will not occur without the prescence of sulfatide.  

Laminin bound aggregates in MEFs will migrate and condense, and bind both nidogen 

and type IV collagen, however, they will not fuse to form higher order aggregates, form a 

basement membrane, or induce Src activation without sulfatide.  Sulfatide is required for 

laminin's formation of these higher order aggregates, formation of a proper basement 

membrane, and induction of cell signaling events such as Src activation and 
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downstream activation of caveolin-1 (both of which are preferentially located in lipid 

rafts), whereas, laminin induce FAK activation is through 1 integrin.   

  

 Laminin's many different activities, including their roles in binding to cell surfaces, 

contribution to basement membrane formation, differentiation, and cell signaling were 

examined.  Basement membrane formation is a progressive process inititiated by 

laminin-111's initial binding to anchors and receptors on the cell surface, followed by 

deposition of several laminins to form small aggregates and accumulation of other 

extracellular matrix proteins through laminin and other anchors/receptors in the small 

aggregates, then migration of these aggregated complexes in lipid rafts and 

condensation to form higher order rafts and complexes and the eventual establishment 

of a basement membrane.  Proper basement membrane formation and downstream 

effects of this process, such as cytoskeletal rearrangement and cell signaling, require 

both laminin-111's polymerization and 1 LG4 anchorage activities.  Laminin-111 

polymerization requires all three of its constituent individual chains' LN domains and 

functions to not only bring in more laminins and their binding partners into the resulting 

complex, but also, plays a role in maintaining the stability of the otherwise transient lipid 

raft which is an integral part of the complex and serves as a platform itself for anchors 

and receptors, as well as a means of attaining a cytosolic connection to the cytoskeleton 

and cell signaling mechanisms.  Laminin-111 anchorage to the cell surface requires only 

binding sites in the LG4 domain of 1.  Laminin binding through either the DG or 

sulfatide binding sites is sufficient for laminin-111 binding to the cell surface, however, 

basement membrane formation only requires the sulfatide binding sites and can not 

occur with just DG to anchor the laminin-111, whereas, cytoskeletal association and 

Src signaling require the additional contributions provided by the binding of laminin to 
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DG.  This arrangement of so many factors allows for exceptional specificity and control 

which would not be achievable otherwise.  The multiple low affinity interactions involved 

allows for minor alterations in expression patterns of any constituent of the collective to 

have dramatic effects in laminin binding, accumulation, basement membrane formation, 

and thereby laminin's induction of downstream events such as cytoskeletal 

rearrangement, cell signaling, differentiation, and cellular polarization.   
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Figure Legends 

Figure 1. Potential laminin interactions.  A diagram of laminin-111 and some of the 

potential interactions between laminin-111 and other extracellular matrix proteins (DG, 

nidogen, type IV collagen, agrin, and perlecan), as well as some cellular receptors.  Red 

lines denote potential interaction between laminin and other molecules.  Grey lines 

denote potential interactions between molecules other than laminin. Legend: grey “N” 

denotes N-terminal domain; grey “C” denotes C-terminus of protein; red “LN” denotes 

the N-terminal LN domain of the 1 chain of laminin; red “LG1-3” denotes the LG1-3 

domains of the C-terminal G domain of the 1 chain of laminin; red “LG4” denotes the 

LG4 domain of the C-terminal G domain of the 1 chain of laminin.   

 

Figure 2. The laminin family.  (A)  A representation of heterotrimeric laminin-111.  

The  chains are colored blue, the  chains red, and the  chains green.  (B)  

Representations of the 5 known  chains, 3  chains, and 3  chains which compose 

heterotrimeric laminin.  (C) Phylogenetic tree showing the evolutionary (and homology) 

relationship between the 11 individual laminin chains.  Domains are marked utilizing the 

nomenclature formalized in Aumailley et al. [3]. 

 

Figure 3. The proteolytic fragments of laminin-111.  Diagram of the proteolytic 

fragments of laminin-111 often utilized for inhibition and binding studies.  Enzymatic 

digestion of laminin-111 purified from EHS tumor with cathepsin-G produces fragment 

C1-4 (A).  Digestion with trypsin yields fragments E1’, E4, E8, and E3 (B).   

 

Figure 4. The summation of EST expression results for laminin  chains in 

NCBI's GEO repository.  A summation of the EST expression array results held at 
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NCBI and organized by tissue classification for all laminin  chains.  The colored bar 

represents the theoretical number of transcripts for the given chain per million of 

transcripts synthesized in the indicated tissue.  No bar represents either no transcripts 

detected for the given laminin chain or that there are no results.  Appendix figure 1 list 

the actual numbers. 

 

Figure 5. The summation of EST expression results for laminin  chains in NCBI's 

GEO repository.  A summation of the EST expression array results held at NCBI and 

organized by tissue classification for all laminin  chains.  The colored bar represents the 

theoretical number of transcripts for the given chain per million of transcripts synthesized 

in the indicated tissue.  No bar represents either no transcripts detected for the given 

laminin chain or that there are no results.  Appendix figure 1 list the actual numbers. 

 

Figure 6. The summation of EST expression results for laminin  chains in NCBI's 

GEO repository.  A summation of the EST expression array results held at NCBI and 

organized by tissue classification for all laminin  chains.  The colored bar represents the 

theoretical number of transcripts for the given chain per million of transcripts synthesized 

in the indicated tissue.  No bar represents either no transcripts detected for the given 

laminin chain or that there are no results.  Appendix figure 1 list the actual numbers. 

 

Figure 7. The number of amino acid residues composing laminin-111, its 

constituent 1, 1, and 1 chains, and other proteins it interacts with, as well as 

the location in Lm-111 of these binding interactions.  (A)  Bar graph depicting the 

number of amino acid residues per average protein (300 residues), laminin-111 (6,300 

residues), 1 laminin chain (3,084 residues), 1 laminin chain (1,786 residues), 1 
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laminin chain (1,607 residues), and elastase proteolytic fragment recombinant 1LG4-5 

is based upon (372 residues).  (B)  Diagram of laminin-111’s known binding activities 

and their approximate location in laminin-111.  (C)  Bar graph depicting the number of 

amino acid residues comprising laminin-111 and both ECM components and cellular 

receptors laminin-111 may interact with. 

 

Figure 8. Extracellular matrix genes and related diseases.  Defects in laminin and 

other extracellular matrix genes are associated with a wide selection of diseases.  This 

represents only a partial list of known ECM genes and the diseases associated with 

defects in them.  

 

Figure 9. Mouse knockout results of ECM proteins, their receptors, and related 

BM components.  The targeted deletion of genes involved in the ECM and BM are 

listed along with their associated null phenotype and reference for the appropriate 

knockout article.  Embryonic lethal knockouts are in blue. 

 

Figure 10. Embryoid body development.  (A) A schematic representation of 

emryogenesis showing development up to day 5.5 p.c. and formation of BMs, as well as 

differentiation and development of several cell types.  BMs first appear (E3.5-4 in the 

mouse) after implantation and before the start of gastrulation and can be studied in 

embryoid bodies which recapitulate early differentiation and BM formation.  (B) The 

analogous developmental stages observed in developing embryoid bodies. 

 

Figure 11. Amino acid sequence of mouse laminin 1LG1-5.  The amino acid 

sequence of 1 LG1-5 is depicted and individual globular LG domains color coded.  The 
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entire mouse 1 laminin sequence is 3,084 amino acid residues, approximately 956 of 

those residues are contributed by the five LG domains which comprise the C-terminal G 

domain of 1. 

 

Figure 12. The amino acid sequence of the elastase proteolytic fragment E3 

derived from mouse Lm-111.  (A)  Diagram of the proteolytic fragments generated by 

elastase digestion of Lm-111.  (B) The 372 amino acid sequence of E3 is depicted which 

also represents the same sequence expressed in the recombinant 1LG4-5 constructs. 

 

Figure 13. Optimization of recombination protein production – selection of 

promoter, signal sequence, and 5’UTR for expression constructs.  (A)  Diagram of 

mouse 1LG4-5 expression construct showing the location of the promoters, 5’UTR, 

signal sequences, epitope tags, engineered proteolytic cleavage sites, and selectable 

markers tested.  (B)  Tabulated results from Westerns of stably transfected cell lines, 

showing the relative expression levels of recombinant 1LG4-5 produced under the 

CMV, RSV, and mouse 1 laminin promoter with and without retinoic acid (RA). (C)  

Tabulated results from Westerns of stably transfected cell lines, showing relative 

expression levels of recombinant 1LG4-5 produced under the same CMV promoter and 

5’UTR but, with either the BM40, IG, or endogeneous mouse 1 signal sequence. 

(D)  The upper segment of the table shows the collated data collected by Kozak [394, 

462] and the percentage of each nucleotide found at each given position in the 5’UTR.  

Cells colored red represent a strong bias for that nucleotide at that position, orange a 

moderate bias for that nucleotide, and green a strong bias against that nucleotide.  The 

ATG coding for the initiating Methionine is colored blue.  Below Kozak’s data, is the nine 

different 5’UTRs compared in expression constructs as well as the 5’UTR for mouse 1, 
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1, and 1 laminin.  The compared 5’UTRs include: “consensus-1” and “consensus-2” 

derived from Kozak’s data, the 5’UTR in 1LG4-5/WT-pRCX3, and the 5’UTRs from 

human histone H2B (H2B), human translocase of outer mitochondrial membrane 7 

homolog (TOMM7), human isoleucyl-tRNA synthetase (IARSB1), human farnesyl-

diphosphate farnesyltransferase 1 (FDFT1), human ubiquitin-conjugating enzyme E2S 

(UBE2S), and human eukaryotic translation initiation factor 4A (EIF4A1).  (E)  

Representative direct FLAG Western of media from cell lines stably transfected with the 

5’UTRs listed in part D. 

 

Figure 14. Determination of signal sequence cleavage sites.  (A)  Schematic of the 

characteristics of signal sequences: an N-terminal positively charged region called the n-

region, followed by a hydrophobic stretch of residues called the h-region, followed by a 

series of amino acid residues which posses a neutral charge but are polar in nature, and 

finally neutral small side chain containing residues at positions -1 and -3 of the cleavage 

site.  (B)  SignalP-HMM analysis results of human 1 laminin with its own endogeneous 

signal sequence and no epitope tag.  (C)  Signal-NN analysis results of human 1 

laminin with its own endogeneous signal sequence and no epitope tag.  (D)  SignalP 

analysis results of human 1 laminin with its own endogeneous signal sequence and no 

epitope tag.  (E)  Compilation of the results from analysis of the human 1 laminin with 

ACN, SignalP, Signal-NN, and SignalP-HMM.  The potential cleavage sites are color 

coded: blue for SignalP-HMM, green for signal-NN, red for SignalP, and black for ACN.  

 

Figure 15.  Epitope tagging of recombinant mouse 1 LG4-5 laminins.  Six epitope 

tags were tested by expression on either the N-terminus or C-terminus of recombinant 

1LG4-5/WT.  (A)  A list of the epitope tags examined and their recognition sequence.  
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Cells were transfected with the corresponding expression construct, stable cell lines 

expressing the appropriate recombinant protein selected, and the recombinant 1LG4-

5/WTs purified from media by affinity chromatography with matrix appropriate for each 

epitope tag followed by heparin FPLC.  (B)  Purified recombinant 1 LG4-5/WTs  were 

run on a 6-12% PAGE gel and stained with Coomassie blue.  An aliquot of each purified 

protein was subjected to digestion with EnteroKinase (EK) and loaded adjacent to 

undigested material.  All expressed recombinant proteins appeared to be of correct size 

and no proteolytic degradation detected. (C)  Aliquots of recombinant protein, both 

untreated and EK treated, were also subjected to 6-12% PAGE and blotted to PVDF 

membranes for Western analysis with various antibodies.  Immunoblotting with rG50 

demonstrated the correct identity of the recombinant protein as well as the approximate 

concentration of loaded material.  All epitope tags were successfully recognized by the 

appropriate epitope specific antibody, there was no cross-reactivity detected, and EK 

successfully removed the N-terminal tags without cleaving within the 1 LG4-5 

sequence.   The FLAG positive band observed after EK treatment of 1LG4-5/WTCf  is 

because the FLAG tag in this recombinant protein is C-terminal and the EK cleavage 

site, like in the other recombinant proteins, is N-terminal.  These results demonstrated 

the suitability of the six epitope tags examined for inclussion in future expression 

constructs.      

 

Figure 16. Puromycin based expression construct DHpuro and the mouse 1 

laminin construct, 1Nf, derived from DHpuro.   (A)  A schematic diagram of the 

expression construct DHpuro, created with several of the key components shown in the 

diagram.  (B)  A diagram of the expression construct, 1NF, made utilizing the DHpuro 

vector to express under the CMV promoter the full length mouse 1 laminin chain with 
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an N-terminal FLAG tag and puromycin selection.  Many of the subsequent mouse a1 

constructs were made utilizing the Dhpuro expression vector.   

 

Figure 17. Conservation of the primary sequence between the LG4-5 of mouse 1 

and 2 laminin.  The top of the figure depicts the 1 chain of laminin and the location of 

1 LG4-5 which is analyzed below.  (A)  Space filling diagram of a representation of the 

Van der Waal’s forces and ribbon diagram both generated using Swiss-Model and Siss-

Pdb Viewer/DeepView.  The LG4-5 domains of both mouse 1 and 2 share 41.4% 

identity.  This relationship is depicted as identical residues shown in red and non-

identical in blue.  This color coding scheme is mapped onto both the generated 

structures as well as an alignment of the two sequences found directly below them.  (B)  

The same corresponding sequence of 1 and 2 are 56.8% homologous.  The same 

procedures, programs, and structures were utilized as above, however, the color 

scheme is changed in order to depict the change in relationships: red represents identity, 

orange a conservative substitution, and blue non-identity. 

 

Figure 18. Conservation of both primary sequence and predicted potential 

secondary structure between mouse 1 and 2 LG4-5 of laminin.  Despite the 

differences in primary sequence, the predicted secondary structure of laminin 1 and 2 

LG4-5 is conserved between the two chains and the predicted secondary structure for 

2 coincides for the most part with the secondary structure observed in the crystal 

structure of 2 LG4-5.  The primary sequence block contains the single character 

representation for the amino acid residue present at that position.  If the block is colored 

orange it means 1 and 2 contain the identical amino acid residue at this position.  If 

the block is colored grey they do not.  Furthermore, the blue arrows and red coil directly 
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below the primary sequence for 2, represent the secondary structure elements, -sheet 

and -helix respectively, observed in the crystal structure of mouse 2 LG4-5. The -

sheet residues are also lettered according to the crystal structure.  Below this data, are 

the results from nine of the tweleve secondary structre prediction programs accessed 

through the NPS@ server:  DPM, DSC, GOR IV, HNN, PHD, PREDATOR, SIMPA96, 

SOPM, and SOPMA.   The results from MLRC, GOR I, and GOR III are not depicted in 

this figure. Furthermore, the final line of the block of results, marked “20 con” represents 

the secondary structure consensus implied by the preponderance of results from the 

predicition programs.  An orange block containing the character “c” means the program 

predicted random coil for this amino acid position, a red block containing “” represents 

-hleix, a blue block containing “” represents -sheet, a light blue block containing “bt” 

represents -turn, and a grey block containing a question mark, “?”, represents an 

unclassified residue.  

 

Figure 19. Homology model of mouse 1LG4-5 (recombinant E3 analog).  The 

laminin mouse 2 crystal structure coordinates [305] were utilized to homology model 

the mouse 1 LG4-5.   The figure depicts the three dimensional model from five view 

points in order to gain a better understanding, not only, of the location of key residues on 

the surface of the protein, but also, their relationship to one another on the static 

representation rendered. 

 

Figure 20. Comparison of both the spatial and primary location of Arg, Lys, His, 

and Cys residues in mouse laminin 1 and 2 LG4-5.  The location of the Arg, Lys, 

His, and Cys residues are shown both in the primary sequence of 1 and 2 laminin (A) 

and on the three dimensional model of 2 LG4-5 (B).  The 1 residues were mapped 
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onto the 2 crystal structure rather than the 1 homology model in order to get a better 

sense of any conservation in the location of these charged residues between the two 

proteins.  Despite the sequence homology, binding partner similarities, and conservation 

of secondary structure, positively charged residues of the two laminins rarely coincided 

in the primary or proposed tertiary structures of the two proteins.    

 

Figure  21. Mutational combinations of Arg and Lys residues in initial recombinant 

1LG4-5 screen.   Potentially key residues are shown on both a space filled 

representation of the homology modeled 1 LG4-5 (A) and the primary sequence below 

(B).  The spatial and primary location of the mutated residues represented in the 

recombinant mutant 1LG4-5s are also depicted.  One mutant not directly represented, 

is the double mutant which combines two different patches of charged residues, mutant 

1LG4-5/RKR2721+KRK2793. 

 

Figure 22. Generation, production, and purification of recombinant mouse 1 LG4-

5 laminins.  (A)  Salt elution profile off a heparin-5PW column of media harvested from 

HEK 293 cell line stably transfected with and secreting 1LG4-5/WTNf.  (B) 

Coresponding coomassie blue stained gel of collected fractions.   There are several 

contaminating bands from protein(s) other than 1 LG4-5 present in the elution fractions 

containing 1 LG4-5.  (C)  SDS-PAGE of pre- and post purification of recombinant 1 

LG4-5s.  The expression level of recombinant 1 LG4-5 produced from the stably 

transfected cell lines is so high it is visible in a straight media load.  Note the observed 

BSA band from the 10% FBS containing DMEM media in which the cells were grown in 

relation to the observed 1 LG4-5 recombinant proteins.  The post purification 

recombinant 1 LG4-5 is of very high purity and lacks any obvious proteolytic 
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degradation. (D) SDS-PAGE and Western blot analysis of recombinant 1LG4-5/WTNf  

and a mutant recombinant 1LG4-5 treated or not treated (NT) with Enterokinase (EK) 

reveals decrease in size of recombinant protein after EK treatment with no spurious 

degradation and the expected loss of FLAG epitope tag.  (E) Schematic of sequential 

PCR reactions and cloning procedure, along with agarose gel of sequential PCR 

products referenced, performed in order to produce the 1LG4-5 constructs containing a 

unique 5’UTR, which increased recombinant production levels by 4 fold over previous 

constructs, followed by the BM40 signal sequence for secretion, a FLAG tag for 

purification and visualization, the recognition site for cleavage by Enterokinase in order 

to cleave off the FLAG tag if desired, and the laminin 1 LG4-5 sequence.  (F) Comassie 

blue stained SDS-PAGE of purified recombinant 1LG4-5s.  Note the increased size 

observed for 1LG4-5/KDR2860 when compared to the other recombinant proteins – this 

difference in migration was shown to be due to a difference in post-translational 

glycosylation of this mutant.  (G) Rotary shadow electron microscopy of recombinant 

1LG4-5s reveal monomeric bifurcated dual domains ("WT" refers to recombinant 

1LG4-5/WT, "G" to recombinant1LG4-5/KRK2793, and "A" to 1LG4-5/RKR2721.  

Furthermore, gel filtration, acetylation, and non-reducing gel studies (data not shown) of 

the mutant recombinant 1LG4-5s showed no differences when compared to 1LG4-

5/WT.  

 

Figure 23. Heparin affinity of recombinant mouse 1 LG4-5 laminins. (A)  The NaCl 

elution profile of various recombinant 1LG4-5s from a heparin-5PW column run on an 

AKTA FPLC.  (B)  The spatial location on the surface of 1LG4-5 and relative degree of 

contribution to heparin binding of individual amino acid residues based upon affinities 

derived from the salt elution behaviours of the various recombinant 1LG4-5s.  (C)  A 



223 

 

plot of the change in charge of the recombinant mutants in relation to their salt elution.  

There is a very good correlation between reduction in charge and observed decrease in 

heparin binding.  The individual amino acids represented in the recombinant mutants are 

shown mapped to the surface of 1LG4-5 and the residues color coded to indicate the 

level of heparin affinity contribution of the individual residues, implied from the observed 

behaviour of their respective recombinant 1LG4-5 in the heparin elution assay.  

Mutated residues have been both color coded and lettered to make identifying them 

easier.   

 

Figure 24. DG affinity of recombinant mouse 1 LG4-5 laminins. The affinity of the 

recombinant 1LG4-5 proteins for DG was evaluated with both a gel overlay assay  

and a solid phase ELISA assay.  (A)  DG was run on a gel and transferred onto 

nitrocellulose filters, overlayed with recombinant 1LG4-5s, washed, and the bound 

1LG4-5 detected through its N-terminal FLAG epitope tag with an HRP linked 

monoclonal antibody.  (B)  The amount of bound 1LG4-5 in the overlay experiment was 

quantitated and graphed.  (C)  Recombinant 1LG4-5s were also examined for their 

ability to bind DG immobilized in a microtiter plate well (ELISA).  (D) The binding was 

repeated with varying concentrations of recombinant 1LG4-5s, quantitated with use of 

the HRP-FLAG monoclonal antibody directed against the N-terminal FLAG epitope 

common to all the recombinant 1LG4-5s.  The results were fitted to a single-site 

binding curve, apparent dissociation constants calculated, and reported in table 12. (E)   

The individual amino acids represented in the recombinant mutants are shown mapped 

to the surface of 1LG4-5 and the residues color coded to indicate the level of DG 

affinity contributed by the individual residues, as implied from the observed behaviour of 

their respective recombinant 1LG4-5 in the two DG binding assays.  Mutated residues 



224 

 

have been both color coded and lettered to make identifying them easier.  (F)  A plot of 

the change in charge of the recombinant mutants in relation to their derived -

dystroglycan dissociation constants.  There does not appear to be any correlation 

between reduction in charge and observed decrease in -dystroglycan binding. 

 

Figure 25. Sulfatide specificity and affinity of recombinant mouse 1 LG4-5 

laminins.  (A)  Binding of 1LG4-5/WTNf (0.4 mg/ml) to microtiter wells containing 

10ug/ml of the indicated lipids was tested.  Recombinant 1LG4-5/WTNf  bound only to 

gal-sulfatide.  (B)  Binding of 1LG4-5/WTNf  to sulfatide was inhibited by heparin.  

Furthermore, 1LG4-5/WTNf bound sulfatide and not the "desulfated" version of 

sulfatide, galactosyl ceramide (GalCer).  (C) Binding of 1LG4-5/WTNf  to sulfatide was 

partially inhibitable, 50% reduction, in the prescence of EDTA and completely inhibited if 

the 1LG4-5/WTNf  had been treated with AEBSF prior to its use in the binding assays.  

 

Figure 26. Sulfatide affinity of mutant recombinant mouse 1 LG4-5 laminins.  (A)  

The various recombinant 1LG4-5s were analyzed in a solid phase binding assay in 

which sulfatide was bound to the wells of microtiter plates and incubated with various 

concentrations of the recombinant 1LG4-5s.  Binding was detected with the HRP-FLAG 

antibody which recognized the N-terminal FLAG epitope tag common to all recombinant 

1LG4-5s.  The results were fitted to a single-site binding curve, apparent dissociation 

constants calculated, and reported in table 12.  (B) The individual amino acids 

represented in the recombinant mutants are shown mapped to the surface of 1LG4-5 

and the residues color coded to indicate the level of sulfatide affinity contributed by the 

individual residues, as implied from the observed behaviour of their respective 

recombinant 1LG4-5 in the sulfatide solid phase binding assay.  Mutated residues have 
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been both color coded and lettered to make identifying them easier.  (C)  MEFs were 

loaded with BODIPY-sulfatide, incubated with the various recombinant 1LG4-5s, 

collected, lysed, the 1LG4-5/s complexed with BODIPY sulfatide immunoprecipitated 

via FLAG matrix, the samples read in a flourimeter, the approximate moles of BODIPY-

sulfatide bound per mole of 1LG4-5 calculated.  (D)  The sulfatide affinity of the 

mutated amino acid residues represented in the recombinant 1LG4-5s was also 

examined by testing the ability of the mutants to block the binding of Lm-111 to sulfatide 

coated microtiter plate wells.  Recombinant mutant 1LG4-5/RAR2833 ("I") failed to inhibit 

binding of Lm-111 at all, even at extremely high concentrations of the mutant, implying 

that it completely failed to bind the sulfatide and thereby block the Lm-111 from binding 

to the sulfatide.  Therefore, the residues mutated in 1LG4-5/RAR2833 ("I") must be 

critical for sulfatide binding. (E)  A plot of the change in charge of the recombinant 

mutants in relation to their derived sulfatide dissociation constants.  There does not 

appear to be any correlation between reduction in charge and observed decrease in 

sulfatide binding. 

 

Figure 27. Comparing the three dimensional crystal structure, Cys residues, and 

disulfide linkages of 1 and 2 LG4-5.  The primary sequence of both 1 (A) and 2 

(B) laminin LG4-5 with the Cys residues marked and disulfide linkages depicted.  Both 

(C) and (E) and (D) and (F) are ribbon diagram representations generated using Swiss-

Pdb Viewer of 1 and 2 laminin LG4-5, respectively.  Grey arrows represent -sheet, 

red and blue stick representations of Cys residue side chains are colored using the 

same color scheme utilized in figure A and B, and the unpaired Cys in 1 LG5 is colored 

purple and its side chain represented with a purple space filling representation.  Note the 

conservation in secondary structure, Cys spatial location, and disulfide linkages between 
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1 and 2; including the disulfide linkage connecting the globular domains of LG4 and 

LG5.  Furthermore, the unpaired Cys in 1 LG5 is not surface exposed. 

 

Figure 28. Crystal structure of mouse laminin 1 LG4-5.  (A)  Superposition of the 

two asymmetric crystal units of 1 LG4-5; superimposed on their LG4 domains.  

Molecule A (mol A) is light brown and molecule B (mol B) is blue.  Note the “shift” in the 

overlay of 1 and 2 LG5 representing a difference in the orientation of the two domains 

respective to one another between the two chains (B) Schematic ribbon diagram of 

mouse 1 LG4-5 molecule B (LG4 is cyan and LG5 is green).  The N and C-termini are 

labeled.  Disulfide bonds are shown as yellow ball and stick models.  Metal ions are 

shown as purple spheres.  (C)  Space filled diagram of 1 LG4-5 molecule B.  LG5 is 

colored light grey, LG4 is is dark grey, Arg and Lys residues are dark blue, His residues 

are light neon blue, Cys residues are yellow, Ca2+ ion is represented as a red sphere, 

and the amino acid residues of the linker between LG3 and LG4 are colored brown.   

 

Figure 29. Comparing the crystal structure of the individual LG4 and LG5 domains 

of mouse 1 and 2 laminin.  Sequence alignment of 1 LG4-5 (A) and 2 LG4-5 (B). 

The  sheet secondary structure observed in the crystal structure of LG4 is shown in 

blue above the primary sequence it is associated with.  Individual stretches of -sheet 

are designated A through N.  (C)  Superposition of 1LG4 and 2 LG4.  A total of 148 

C atoms were superimposed with a root mean square deviation of 0.91 Ao.  (D) 

Superposition of 1LG5 and 2 LG5.  A total of 153 C atoms were superimposed with 

a root mean square deviation of 0.59 Ao.   
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Figure 30. Comparing the three dimensional crystal structure, domain separation, 

and domain interface interactions of 1 and 2 LG4-5.   Sequence alignment of 1 

LG4-5 (A) and 2 LG4-5 (B).  Several residues involved in the interface of 1 LG4 and 

LG5 are highlighted.  (C)  Ribbon diagram of 1 LG4-5.  (D) Ribbon diagram of 2 LG4-

5.  (E)  A closer examination of the residues involved in interface interactions between 

the LG4 and LG5 domains of 1 laminin. 

 

Figure 31. Secondary structure, charge distribution, and spatial location of 

mutated amino acid residues on the surface of the crystal derived three 

dimensional structure of 1 LG4-5.   (A) Full length mouse 1 chain. (B) Location of  

sheet secondary structure and identity of amino acid residues which comprise the  

sheets based upon the crystal structure of 1 LG4-5.  Several residues involved in the 

interface of 1 LG4 and LG5 are highlighted.  (C)  Electrostatic surface representation of 

the 1 LG4-5 structure. Positive and negative potential are indicated by blue and red 

coloring, respectively.  (D) Space filling representation of 1 LG4-5.  The amino acid 

residues which were mutated in this study are marked, as is their relative contribution to 

DG (“DG”), heparin (“H”), and sulfatide (“S”) binding. 

 

Figure 32.  Characterization of endogeneous and transfected laminin mRNA 

expression in HEK 293 cells. (A) RT-PCR amplification products from the ORF(dark 

gray bars) of mouse 1, 1, and 1 cDNAs, from pCIS extending into the ORFs (light 

gray bars), and from corresponding human 1, 1, and 1 chains (white bars) were 

prepared from , , 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 
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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-specificmRNAexpression (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  and  clones and not in wild-type cells. 

 

Figure 33.  Recombinant heterotrimeric laminin-111 and laminin-211 composed 

entirely of all mouse derived , , and  chains.  Diagram of the mouse 1, 2, 1, 

and 1 chain expression constructs made and transfected in various combinations in 

order to express recombinant heterotrimeric laminin-111 and laminin-211 proteins. 

 

Figure 34.  Recombinant heterotrimeric laminin-111 composed entirely of all 

human derived , , and  chains.  Diagram of the human 1, 1, and 1 chain 

expression constructs made and transfected in various combinations in order to express 

recombinant heterotrimeric laminin-111 proteins. 

 

Figure 35. Recombinant full length 1 laminin chains constructed and utilized to 

make rLm-111s.  Diagram of the mouse 1 chain expression constructs made and 

transfected in various combinations in order to express mixed species recombinant 

heterotrimeric laminin-111 proteins. 
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Figure 36. Recombinant 1 laminin N-terminal deletions constructed and utilized 

to make rLm-111s.  Diagram of the mouse 1 chain expression constructs made and 

transfected in various combinations in order to express mixed species recombinant 

heterotrimeric laminin-111 proteins. 

 

Figure 37. Recombinant 1 laminin G domain manipulated constructs utilized to 

make rLm-111s.  Diagram of the mouse 1 chain expression constructs made and 

transfected in various combinations in order to express mixed species recombinant 

heterotrimeric laminin-111 proteins. 

 

Figure 38. Recombinant 1 laminins constructed and utilized to make rLm-111s. 

Diagram of the mouse 1 chain expression constructs made and transfected in various 

combinations in order to express mixed species recombinant heterotrimeric laminin-111 

proteins. 

 

Figure 39. Recombinant  1 laminin chains constructed and utilized to make rLm-

111s . Diagram of the mouse 1 chain expression constructs made and transfected in 

various combinations in order to express mixed species recombinant heterotrimeric 

laminin-111 proteins. 

 

Figure 40. Coomassie blue stained SDS-PAGE gels of various recombinant 

heterotrimeric  Lm-111s.  Coomassie blue stained SDS-PAGE gel of several of the 

recombinant heterotrimeric Lm-111s after heparin and FLAG purification from media of 

stably transfected HEK 293 fibroblast cells producing the recombinant proteins shown.  

Above each sample load is the designation for each heterotrimeric recombinant protein.  
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Below each designation for the heterotrimeric recombinant protein are the designations 

for each of the three individual recombinant chains which comprise the heterotrimeric 

recombinant protein listed above them. 

 

Figure 41. Examination of different N-terminal epitope tags on the N-terminus of 

full length mouse 1 laminin chains in recombinant heterotrimeric laminin-111s. 

The ability to be expressed on the N-terminus of the mouse 1 chain as well as any 

potential effects of the N-terminal epitope tag were examined.  (A)  Cells were 

transfected with the corresponding expression constructs, stable cell lines expressing 

the appropriate heterotrimeric recombinant proteins selected, the recombinant 

heterotrimeric Lm-111s immunoprecipitated with the 1 LN chain specific polyclonal 

antibody anti-E4, run reduced on a 6-12% PAGE gel and Silver stained.  All expressed 

heterotrimeric recombinant proteins appeared to be of the correct size with very little if 

any proteolytic degradation detected.  (B)  Aliquots of the immunoprecipitated material 

were also run on 6-12% PAGE gel, blotted to a PVDF membrane, and subjected to 

Western analysis utilizing the 1 chain C-terminal LG4-5 specific polyclonal antibody 

rG50.  The immunoblotting results demonstrated the correct identity of the recombinant 

protein, very little degradation of the  chain, and the approximate concentration of the 

loaded material.  (C)  More aliquots of anti-E4 immunoprecipitated material were run, 

blotted, and analyzed by Western analysis utilizing epitope tag specific antibodies.  All 

expressed recombinant proteins appeared to be of correct size with little or no proteolytic 

degradation, and were recognized with the appropriate epitope specific antibody for that 

chain with no cross-reactivity.  All epitope tags examined, appeared to be expressable 

on the N-terminus of the 1 chain with no deleterious effects.  However, polymerization 

assays conducted on these purified recombinant proteins revealed that the 
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heterotrimeric laminin containing the triple myc epitope tag on the N-terminus of the 1 

chain failed to polymerize in our standard polymerization assay (data not shown).  (D)  

Heterotrimeric recombinant protein was purified from media utilizing the appropriate 

antibody linked matrix followed by heparin FPLC.  20 ug/ml of each protein was added to 

sparsely plated Schwann cells and incubated at 37oC for 45 minutes.  The cells were 

then washed, fixed, and immunohistochemical staining performed with polyclonal 

antibody rG50 and DAPI.  All heterotrimeric Lm-111s, with the exception of the one 

containing the triple myc epitope tag on the N-terminus of the 1 chain, accumulated 

and condensed on the surface of the Schwann cells.  These results demonstrated the 

suitability of the myc, HA, VSV-G, and protein-C epitope tags for inclussion as N-

terminal tags in mouse 1 expression constructs, as well as, the potential use of the 

triple myc epitope tag on the 1 chain as means to construct and produce a full length 

polymerization deficient heterotrimeric Lm-111.      

 

Figure 42. Accumulation of recombinant LN-LEb constructs in a solid phase 

association assay.  (A)  An expression construct which contained the N-terminal LN 

through LEb domains, along with various C-terminal epitope tags and engineered 

proteolytic cleavage sequences, was made for each of the individual chains which 

compose laminin-111.  The constructs were stably transfected into HEK 293 cells, 

permanent cell lines established, and the recombinant proteins purified from media by 

absorption to FLAG affinity matrix and FLAG peptide elution, followed by salt elution 

from a heparin FPLC column.  Treatment of the purified recombinant proteins with either 

Enterokinase (EK) or tobacco etch virus protease (TEV) was utilized to generate variants 

of the expressed recombinant proteins with different C-terminal epitope tag 

combinations.   (B)  Western analysis (12% PAGE) with epitope specific antibodies of 
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purified recombinant proteins pre and post treatment with EK.  All recombinant proteins 

expressed the appropriate C-terminal epitope tags, demonstrated appropriate cleavage 

with EK treatment, and were recognized with the appropriate epitope specific antibody.  

(C)  Ability of purified recombinant proteins to associate and accumulate.  The purified 

recombinant proteins diagramed in figure A were incubated in various combinations for 1 

hour in EWB buffer in myc antibody coated microtiter wells then washed and binding 

determined with HA-HRP or FLAG-HRP antibody, OPD, and a microtiter plate reader.  

The results for each incubation are as follows (the recombinant protein being detected in 

each is color coded in the legend entry for that result):  (1) all values were normalized 

against the binding of 1LN-Ct/f/m which bound the myc antibody coated microtiter wells 

through its C-terminal myc epitope tag and helped orientate the recombinant protein so 

that its N-terminal LN domain projected up from the surface of the microtiter plate well; 

(2) demonstrated that there was no cross-reactivity observed between the HA antibody 

and 1LN-Ct/f/m, as well as provided a basal level for any HA background staining; (3) 

and (4) neither the 1 nor 1 recombinant proteins demonstrated adhession to the 

surface of the microtiter plate well by themselves; (5) and (6) demonstrated that there 

was no observed increase in 1 binding due to additional 1 unless that 1 possessed a 

C-terminal myc tag which would enable it to bind the microtiter plate well directly since 

the 1 is plated at suboptimal coverage to avoid stearic accessiblity issues;  the lack of 

an observed increase in FLAG staining in (5) suggests no detectable 1 to 1 

interaction; (7) and (8) revealed very little association of 1 with either the 1 or 1 chain 

seperately but (9) and (10) demonstrated significant accumulation of both the 1 and 1 

chain when all three chains are present;  (11) as expected the incubation with both the 

1 and 1 chain being simultaneously detected with the same epitope tag demonstrated 

a doubling in the signal over that observed when the 1 and 1 chain were assayed 
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individually in (9) and (10).  It seems quite clear from these association experiments that 

laminin polymerization requires the interaction of the LN domains from each of the 1, 

1, and 1 chains. 

 

Figure 43. Heparin binding affinities of recombinant Lm-111s and Lm-211s.  The 

elution profile and corresponding molar salt concentration required to elute the shown 

recombinant Lm-111 and Lm-211 proteins from a heparin-5PW column on an AKTA 

FPLC.  The majority of Lm-111’s heparin binding affinity resides within the LG4-5 

subdomains of the 1 chain (as demonstrated by the observed binding of rLm-

111LG1-3) with a significant contribution from LG1-3 (as demonstrated by the 

observed binding of rLm-111LG4-5) and very minor heparin binding outside of the 

LG1-5 domains of the 1 chain(as demonstrated by the observed binding of rLm-

111LG1-5).  Unprocessed Lm-211 has a heparin affinity approaching that of Lm-111, 

however, heparin affinity is greatly reduced by proteolytic processing of the Lm-211 (Lm-

111 vs. Lm-211 WTu vs. Lm-211WTp). 

 

Figure 44. Sulfatide binding affinities of recombinant Lm-111s and Lm-211s.  

Sulfatide binding ELISA results for various recombinant heterotrimeric Lm-111 and Lm-

211 proteins.  (A)  Sulfatide ELISA results of Lm-111s with deletion of C-terminal LG 

domains and a 1 LN deletion mutant.  The results demonstrate that the majority of the 

sulfatide binding activity in Lm-111 comes from the 1 LG4-5 domains.  Also, the LN 

deletion mutant suggests that laminin polymerization is a factor in the observed signal 

(previous fragment binding studies suggested that the 1 chain itself does not bind 

sulfatide).  (B)  The binding of laminin-111 to sulfatide is not affected by 1% Triton, 

partially inhibited with EDTA, and almost completely inhibited by heparin.  Furthermore, 
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AEBSF treatment of laminin-111 completely abolishes, not only, its ability to polymerize 

(data not shown), but also, its ability to bind sulfatide.  (C)  Lm-111 binds sulfatide with a 

higher affinity than Lm-211 and the binding of Lm-211 (Lm-211 WTu) dramatically 

decreases after proteolytic processing (Lm-211 WTp).  

 

Figure 45. Laminin-111 binding to sulfatide albumin complexes.  Sulfatide:BSA and 

GalCer:BSA complexes were allowed to settle in media onto tissue cultured plastic and 

then incubated for 45 minutes with recombinant heterotrimeric Lm-111Nm/Nh/Cf in the 

presence or abscence of EDTA and/or heparin.  The samples were washed and 

immunostained for laminin-111.  The binding of Lm-111 to the sulfatide albumin 

complexes was observed to be paritially inhibited with EDTA and almost completely 

inhibited in the prescence of heparin.  Furthermore, the Lm-111 did not bind the GalCer 

albumin complexes.  All observed results were in agreement with the sulfatide ELISA 

results. 

 

Figure 46. Inhibition of Lm-111 binding to Schwann cell surfaces.  Densely plated, 

nearly confluent, Schwann cells were incubated with 20ug/ml of Lm-111Nf/Nh/Cf and 20 

fold molar excess of proteolytic fragments where indicated, as well as other laminins, 

also at 20ug/ml, for 30 minutes, then immunostained for laminin, total signal intensity 

normalized based upon cell number (counted via DAPI staining of nuclei), and graphed.  

Laminins incapable of polymerizing either through chemical modification or LN domain 

deletion, as well as, laminin incubated with polymerization inhibiting fragments, resulted 

in an 85-98% reduction in laminin binding to the surface of the Schwann cells.  The 

anchorage inhibiting fragment, E3, also resulted in an 85% reduction in laminin binding.  

Fragment E8 containing the 1 integrin binding sites of LG1-3 and AEBSF treated 

fragments failed to block laminin accumulation. 
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Figure 47. Inhibition of Lm-111 binding to the cell surface of Schwann cells via 

contemporary addition of recombinant 1LG4-5 proteins.  Confluent Schwann cells   

were incubated with 20ug/ml of EHS laminin-111 and various concentrations of 

recombinant 1LG4-5 proteins for 30 minutes.  The cells were then washed, fixed, 

immunostained, and photographed.  Laminin was detected using anti-E4.  A 1 N-

terminal LN domain specific polyclonal antibody which will recognize the exogeneous 

laminin-111 but not react with the 1LG4-5 proteins was utilized.  Laminin total signal 

intensity was normalized based upon cell number (counted via DAPI staining of nuclei), 

and graphed.  The 1 LG4-5s were assayed to determine the effect each mutated amino 

acid residue in each given recombinant 1LG4-5 had upon its ability to block laminin-

111 binding to the surface of the Schwann cells.  The rationale was that if the sequence 

mutated in the 1LG4-5 was critical to a binding activity it would not bind the cell surface 

as efficiently and therefore be less efficient at blocking laminin-111 binding to the cell 

surface; i.e. the higher the laminin signal observed the more important the residue 

mutated in the blocking 1LG4-5 is to binding on the cell surface.  The converse is also 

true:  the less laminin signal observed, the less important the mutated sequence in the 

1LG4-5, utilized to block, is to binding on the cell surface of Schwann cells.  

Unfortunately, extremely high molar excesses of recombinant 1LG4-5 were required to 

observe significant reduction in laminin binding.  The results did suggest that the 

sequence represented by 1LG4-5/KDR2860 (rE3-J) was not required and that those 

represented by 1LG4-5/RKR2721 (rE3-A), 1LG4-5/KRK2793 (rE3-G), and 1LG4-

5/RAK2833 (rE3-I) did have an effect. 

 

Figure 48. Assembly of heterotrimeric recombinant Lm-111s on the surface of 

Schwann cells.  Schwann cells were incubated with 20ug/ml of the indicated laminins 



236 

 

for 60 min., washed, fixed, incubated with laminin specific antibody, and prepared for 

immunofluorescence microscopy.  The images are representative samples from the 

Schwann cells incubated with each laminin indicated above the image.  The bar graph is 

a quantitative representation of the laminin specific fluorescence observed divided by the 

number of DAPI stained nuclei in the image quantitated (average +/- standard deviation, 

n = 7-14 for each condition).  The gold trimmed images and text represent recombinant 

laminins which demonstrate loss of polymerization activity, blue trimmed images and text 

laminins with defective 1 LG4 anchorage, and the red trimmed images and text AEBSF 

treated laminins which demonstrate a loss of both polymerization and anchorage activity.  

Recombinant laminins which have lost either polymerization or anchorage through 1 

LG4 demonstrate a profound loss in their ability to bind and accumulate on the cell 

surface of Schwann cells. 

 

Figure 49. The binding of recombinant heterotrimeric laminins to the cell surface 

of Schwann cells.  Schwann cells were incubated with 20ug/ml of the indicated 

laminins for 60 min., washed, fixed, incubated with laminin specific antibody, DG 

specific antibody, DAPI, and prepared for immunofluorescence microscopy.  The images 

are representative samples from the Schwann cells incubated with each laminin 

indicated above the image.  Lm-111 (B) which contains intact nidogen bound to a higher 

degree than any other laminin, followed closely by Lm-111 (U), and then recombinant 

Lm-111 WT.  Polymerization null laminin lost 85% of its binding signal, while deletion of 

1 LG4 resulted in an almost complete loss of binding.  Deletion of 1 LG1-3 had little 

affect upon binding and accumulation of laminin.  Furthermore, the addition of laminin 

resulted in a corresponding increase in DG signal on the surface of the Schwann cells. 
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Figure 50. The binding of heterotrimeric 1LG4 point mutations Lm-111s, as well 

as, the effect of concurrent addition of exogeneous Nd-1 and Coll IV, to the cell 

surface of Schwann cells.  Schwann cells were incubated with 10ug/ml of the indicated 

laminins for 60 min., washed, fixed, incubated with laminin specific antibody, DG 

specific antibody, DAPI, and prepared for immunofluorescence microscopy.  The images 

are representative samples from the Schwann cells incubated with each laminin 

indicated above the image.  All three Lm-111 point mutations (only RKR2721 and RAR2833 

are shown) in 1 LG4 demonstrated a drastically reduced ability to bind and accumulate 

on the cell surface.  Furthermore, the simultaneous addition of nidogen-1 and type IV 

collagen to the incubation with the exogeneous recombinant Lm-111 WT resulted in an 

increase in Lm-111 signal on the cell surface. 

 

Figure 51. Electron microscopy images depicting the accumulation of recombinant 

heterotrimeric Lm-111s and BM formation on the cell surface of Schwann cells (1 

of 2).  Schwann cells were incubated with recombinant laminins depicted (40ug/ml) for 

one hour, fixed, stained for basement membrane (BM), embedded, sectioned, and 

examined utilizing electron microscopy (EM).  Cells treated with WT laminin exhibited a 

thin continuous electron dense line.  Scattered small extracellular aggregates were 

observed on the cell surface of Schwann cells incubated with polymerization deficient 

Lm-1111LN-LEaNm/Nh/Cf, however, deletion of the LG1-3 domain of 1, represented by 

recombinant protein Lm-111LG1-3Nm/Nh/Cf, resulted in only a 20% decrease in 

coverage and formation of a slightly discontinuous BM.  

 

Figure 52. Electron microscopy images depicting the accumulation of recombinant 

heterotrimeric Lm-111s and BM formation on the cell surface of Schwann cells (2 
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of 2).  Schwann cells were incubated with recombinant laminins depicted (40ug/ml) for 

one hour, fixed, stained for basement membrane (BM), embedded, sectioned, and 

examined utilizing electron microscopy (EM).  Cells treated with WT laminin exhibited a 

thin continuous electron dense line.  Even fewer scattered small extracellular aggregates 

were observed on the cell surface of Schwann cells incubated with polymerization 

deficient 1 LG4 point mutation recombinant proteins, Lm-111RKR2721Nm/Nh/Cf and 

RAR2833Lm-1111LN-LEaNm/Nh/Cf, than those observed with the polymerization deficient 

laminin, and practically no aggregates were observed on the surfaces of Schwann cells 

incubated with 1 LG4 anchorage deficient Lm-1111LG4-5Nm/Nh/Cf,.  Clearly both 

polymerization and 1LG4 anchorage activites are necessary for efficient binding, 

aggregation, accumulation, and basement membrane formation.  Of course, anchorage 

is more critical because even if a laminin polymer could form it will not bind to the cell 

surface without anchorage activity.  

 

Figure 53. Comparison of recombinant Lm-111 and Lm-211 BM formation on 

Schwann cell surfaces.   Schwann cells were incubated for one hour with 20ug/ml of 

the indicated laminins.  The cells were then washed, fixed, and immunostained for 

laminin-111, laminin-211, DG, and DAPI.  Quantitation of immunofluorescence was 

accomplished by averaging several photographs and dividing each by the number of 

DAPI stained nuclei present.  Lm-111 and Lm-211 immunoflourescence was detected by 

use of the anti-E4 polyclonal antibody which recognizes the N-terminal LN domain of the 

1 chain of laminin common to both Lm-111 and Lm-211.  Lm-111 WT immuno-

flourescence was three times higher than Lm-211 WT and images from Lm-211 

incubations were adjusted accordingly to increase signal intensity in order for 

measurements to be taken and proper analysis to be performed.  Deletion of LG1-5 or 
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LG4-5 of the 1 chain in Lm-111 resulted in a severe reduction in Lm-111 signal on the 

surface of Schwann cells, whereas, deletion of 1 LG1-3 had little effect on Lm-111 

binding.  Conversely, the processed form of Lm-211 or deletion of LG1-3 or LG4-5 

resulted in a severe reduction in Lm-211 signal.  Clearly, unlike Lm-111, Lm-211 

requires some binding contribution from LG1-3 in conjunction with that found in LG4-5 

for efficient binding to the Schwann cell surface. 

 

Figure 54. Basement membrane formation and epiblast differentiation in wild-type, 

1 integrin null and 1 laminin null embroid bodies.   Both 1 integrin and 1 laminin 

null ES cells were incubated with or without exogeneous laminin-111 and encourged to 

form EBs.  The EBs were collected, fixed, embedded, sectioned, and immunostained.  

The percentage of EBs possessing at least 30% basement membrane between an outer 

endodermal layer and inner epiblast layer and a defined epiblast layer were recorded. 

 

Figure 55. Exogeneous Lm-111 induced BM formation and epiblast differentiation 

in 1 laminin null EBs.  Laminin 1 null ES cells were cultured for 6 days in the 

prescence of 25 ug/ml Lm-111 and where indicated, 30 fold molar excess of Lm-111 

proteolytic fragment or recombinant 1LG4-5.  EBs and ES cell aggregates were 

collected, fixed, embedded, sectioned and stained with an anti-E1’ antibody for Lm-111 

detection, a type IV collagen antibody, and DAPI.  (A) Diagrams of recombinant Lm-

111s utilized as well as Lm-111 proteolytic fragments.  (B)  Representative image of a 1 

null EB rescued with the addition of exogeneous recombinant Lm-111Nm/Nh/0.  There is 

clear co-localization of both Lm-111 (Lm) and type IV collagen (Coll) in a BM pattern on 

the basal side of an outer endodermal cell layer and a polarized elongated epiblast layer 

below with obvious central cavitation.  (C)  Representative image of a 1 null EB Lm-111 
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rescue image showing two EBs in the section side by side, which are utilized to 

demonstrate the selection criteria for scoring formation of a BM and epiblast 

differentiation.  In order for an EB to be scored positive for BM formation, Lm-111 and 

type IV collagen must be co-localized and present in a circular distribution pattern 

surrounding at least 40% of the cell aggregate and be between a clearly defined outer 

endodermal cell layer and inner epiblast layer.  In order for an EB to be scored positive 

for epiblast differentiation there must be significant central apoptosis and cavitation, as 

well as, a 1-3 cell thick layer of cells clearly adjacent to the inner side of the BM 

demonstrating elongated nuclei under DAPI staining along at least 40% of the 

circumference of the EB.  Under these criteria, even though the EB on the right is clearly 

positive for both BM formation and epiblast differentiation, and the EB on the left is 

probably just slightly behind in development to the one on the right and is in the process 

of BM formation and epiblast differentiation, the EB on the left would be scored as no 

BM formation since the Lm staining has yet to reach the 40% circumferential threshold 

and no epiblast differentiation since the developing epiblast layer has also yet to reach 

the threshhold level for circumferential percentage of elongated nuclei.  (D)  Tabulation 

and graphing of BM formation and epiblast differentiation observed in Lm-111 rescue of 

1 laminin null EBs utilizing the addition of various recombinant laminins and laminin 

fragments to inhibit the rescue of the exogeneous Lm.   Exogeneous Lm-111 added 

concurrently with proteolytic fragments and recombinant proteins which inhibit Lm 

polymerization, as well as recombinant Lm-111 unable to polymerize due to chemical 

modification, blocking epitope tag, or LN domain deletion, effectively inhibited or failed to 

induce BM formation and epiblast differentiation.  Treatment of proteolytic fragments with 

AEBSF effectively abolished their ability to inhibit Lm resuce of the 1 null EBs.  

Recombinant Lm-111 with deletion of the LG1-5 anchorage domains or ES cells treated 
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concurrently with both WT Lm-111 and 1LG4-5/WTNf failed to form BMs or undergo 

epiblast differentiation.  Inhibition with mutant 1LG4-5s also showed a role for the 

KRK2793 sequence in 1 LG4 in BM formation.   

 

Figure 56. Binding of various recombinant heterotrimeric Lm-111s on the surface 

of C2C12 myotubes.  C2C12 myotubes were incubated with 20ug/ml of various laminin-

111s for 30 minutes, washed, fixed, and immunostained.  There was no endogeneous 

Lm-111 staining.  Recombinant heterotrimeric laminin-111 bound almost as efficiently as 

EHS purified Lm-111.  Furthermore, recombinant Lm-111 missing LG1-3 but retaining 

the anchorage of LG4-5 bound almost as well as WT recombinant laminin-111, whereas, 

deletion of LG4-5 or point mutations of the LG4 domain which affect anchorage (Lm-

111RKR2721 Nm/Nh/Cf (mutant A) and 1Lm-111RAK2833 Nm/Nh/Cf (mutant I)) resulted in 

almost no laminin binding to the cell surface of C2C12 myotubes.  

 

Figure 57. Inhibition of Lm-111 binding to C2C12 myotube surfaces via laminin 

receptor blocking antibodies and recombinant 1LG4-5.  C2C12 myotubes were 

incubated with 20ug/ml of EHS laminin-111s for 30 minutes, washed, fixed, and 

immunostained.  The laminin binding was inhibited by the addition of 1LG4-5 but barely 

at all with antibodies which block laminin binding to DG or 1 integrin.  DG and 1 

integrin blocking antibodies failed to inhibit laminin binding when used seperately or in 

combination with one another.  

 

Figure 58. Inhibition of EHS Lm-111 binding to C2C12 myotubes by various 

recombinant 1LG4-5s.   C2C12 mytobues were incubated with 20ug/ml of EHS 

laminin-111 and various concentrations of recombinant 1LG4-5 proteins for 30 minutes.  
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The cells were then washed, fixed, immunostained, and photographed.  The 1 LG4-5s 

were assayed to determine the effect each mutated amino acid residue in each given 

recombinant 1LG4-5 had upon its ability to block laminin-111 binding to the surface of 

the C2C12 myotubes.  The rationale was that if the sequence mutated in the 1LG4-5 

was critical to a binding activity it would not bind the cell surface as efficiently and 

therefore be less efficient at blocking laminin-111 binding to the cell surface; i.e. the 

higher the laminin signal observed the more important the residue mutated in the 

blocking 1LG4-5 is to binding on the cell surface.  The converse is also true:  the less 

laminin signal observed, the less important the mutated sequence in the 1LG4-5, 

utilized to block, is to binding on the cell surface of C2C12 myotubes.  Very high molar 

excesses of recombinant 1LG4-5 were required to observe significant reduction in 

laminin binding.  The results did suggest that the sequence represented by rE3-J 

(KDR2860)  was not essential and that those represented by rE3-A (RKR2721) and rE3-G 

(KRK2793) were more important than those represented by rE3-I (RAK2833).   

 

Figure 59. Accumulation of exogeneous Lm-111 on cell surfaces of MEFs without 

sulfatide loading.  Sparsely plated MEFs were incubated with 10ug/ml of EHS Lm-111 

for 30 minutes, wahed, fixed, and immunostained.  The laminin coverage pattern was 

punctate, however, the aggregates of laminin signal were of uniform size and did not 

appear to condense into higher order aggregates (A).  Furthermore, the laminin and 

DG signal perfectly co-localized (B). 

 

Figure 60. Accumulation of exogeneous  Lm-111 and other macromolecules on the 

surface of MEFs in the absence of sulfatide (1 of 2).  MEFs were either incubated 

with 5 ug/ml of Lm-111Nm/Nh/Cf  for 30 minutes at 37oC or not treated with Lm-111.   Cells 
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were washed, fixed, and co-stained with both rG50 to detect bound laminin and an 

antibody to detect either nidogen-1 or type IV collagen.  Cultured MEFs do not secrete 

Lm-111 nor retain appreciable amounts of the type IV collagen and nidogen they do 

secrete on their cell surface.  However, once exposed to exogeneous Lm-111 which 

does bind the cell surface and aggregates, both type IV collagen and nidogen appear to 

accumulate and co-localize with the laminin signal on the cell surface of the MEFs.   

 

Figure 61. Accumulation of exogeneous  Lm-111 and other macromolecules on the 

surface of MEFs in the absence of sulfatide (2 of 2).  (A)  MEFs were incubated with 

either 10 ug/ml of Lm-111Nm/Nh/Cf  or 10 ug/ml of Alexa 488 labelled Lm-111Nm/Nh/Cf  for 30 

minutes at 37oC or not treated with Lm-111.   Cells were washed, fixed, and co-stained 

with both rG50 (except for the Lm-111 Alexa labeled sample) to detect bound laminin 

and an antibody to DG, sulfatide, or perlecan.  Cultured MEFs express DG.  In the 

abscence of exogeneous Lm-111, the DG signal remained diffuse and did not 

condense.  However, in the prescence of exogeneous Lm-111, the DG is observed to 

co-localize and condense with the laminin signal.  Furthermore, just like in the Schwann 

cells, the addition of exogneous laminin appeared to increase surface expression of 

DG.  The MEFs did not express sulfatide, nor was sulfatide expression induced by 

addition of exogeneous Lm-111.  The MEFs were observed to express and retain 

perlecan on their cell surface, however, most of the signal appeared to be on the basal 

side of the cells.  Some of the perlecan signal appeared to co-localize with the 

exogeneous Lm-111 on the apical cell surface.  (B)  A similar approach was utilized with 

Molecular Probes Vybrant Lipid Raft Labeling Kit to visualize GM1 rich clusters or “lipid 

rafts” through use of the cholera toxin B subunit.  Exogeneous Lm-111 was observed to 
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co-localize and condense with these GM1 rich domains, as was nidogen-1 and DG 

after the MEFs were incubated with 10 ug/ml of Lm-111Nm/Nh/Cf  for 45 minutes at 37oC. 

 

Figure 62. Accumulation and condensation of exogeneous Lm-111 on MEF cell 

surfaces over time, in the absence of suflatide.  Near confluent MEFs were incubated 

with 20 ug/ml of EHS Lm-111(B) at 37oC and samples removed, washed, fixed and co-

stained with antibodies to Lm-111 and DG at 0, 15, 45, 60, and 90 minutes.  The Lm-

111 was observed binding, accumulating, aggregating, and condensing on the cell 

surface of the MEFs.  The originally diffuse endogeneous DG signal was observed not 

only increasing in intensity, but also, aggregating and condensing along with the Lm-111 

signal. 

 

Figure 63. Inability to form higher order aggregates and a BM on the surface of 

MEFs without the presence of sulfatide.  Sparsely plated MEFs were incubated with 

20 ug/ml of EHS Lm-111(B) at 37oC for 45 minutes, washed, fixed and co-stained with 

the rG50 antibody to the G domain of the 1 chain of Lm-111.  Exogeneous Lm on the 

cell surface of sparsely plated MEFs is slow to show any signs of condensing and when 

the laminin does aggregate it does so in small patches, never forming the higher order 

aggregates and BM like coverage observed in Schwann cells and C2C12 myotubes. 

 

Figure 64. Time course of multiple loadings of Alexa 488 labeled Lm-111 onto the 

surface of MEFs in the absence of sulfatide.  MEFs were plated and a single isolated 

MEF identified and followed over time through a series of incubations.  The MEFs were 

incubated with 20 ug/ml of Alexa 488 labled Lm-111Nm/Nh/Cf for 10 minutes, then the 

media was removed, the cells washed, fresh non-laminin containing media added, the 
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cells photographed, and allowed to continue incubating with further pictures at 20 

minutes and 30 minutes.  The cells were then exposed to a second addition of Alexa 

labeled laminin, incubated for 10 minutes, the media removed, the cells washed, fresh 

non-laminin containing media added, cells photographed, and allowed to continue 

incubating with further pictures at 10, 30 and 45 minutes post the 2nd addition of 

exogeneous Lm.  The cells were fixed and also co-stained for DG for the last time point 

picture.  The multiple seperated additions of exogeneous Alexa 488 labeled Lm-

111Nm/Nh/Cf  resulted in formation of two concentric rings of laminin condensing around the 

central nuclei of the MEF.  This experiment  was utilized to demonstrate both the stability 

and nature of the exogneous Lm-111 as it bound, accumulated, aggregated, and 

condensed towards the center of the cell.  This process is a continually regenerating one 

which the individual MEF can repeatedly undergo. 

 

Figure 65. Sulfated glycolipid specificity of Lm-111 binding to the surface of MEFs. 

(A)  Nearly confluent cultures of MEFs were loaded with various lipids via transfer from 

BSA loaded with same exogeneous lipids, then incubated with 10 ug/ml of Lm-111Nm/Nh/Cf 

for 45 minutes, washed, fixed, and Lm-111 signal detected with anti-rG50 antibody to the 

C-terminal LG4-5 of the Lm-111.  (B)  Total bound Lm signal intensity was determined, 

normalized based upon cell number (via DAPI co-staining) per field examined, and 

plotted relative to the signal observed in MEFs loaded with Gal-sulfatide and exposed to 

Lm-111.  MEFs loaded with Gal-sulfatide or Glc-sulfatide demonstrated a 5 fold increase 

in total laminin accumulation over that observed in MEFs with no sulfatide present.  The 

coverage observed was also quite different between MEFs loaded with sulfatide from 

those without sulfatide.  Non-sulfatide loaded cells demonstrated a much more disperse 

Lm binding pattern.  The bound Lm migrated, aggregated and condensed, however, it 

never formed the higher order aggregates observed in Schwann cells or sulfatide loaded 
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MEFs.  Furthermore, the Lm coverage in the sulfatide loaded MEFs was much more 

dense than that observed in the non-sulfatide loaded MEFs.  In addition, both the 

amount of Lm-111 which bound the cell surface and overall Lm coverage could be 

increased by increasing the amount of sulfatide loaded onto the MEFs.  Also, the 

observed Lm binding was specific for the sulfate moeity found on the sugar moeity of the 

glycolipid.  Loading of MEFs with galactosyl ceramide, a glycolipid with the exact same 

structure as Gal-sulfatide except for the abscence of the sulfate moeity, resulted in no 

increse in Lm binding or coverage.  Loading of MEFs with cholesterol-3-sulfate resulted 

in minimal increase in laminin binding and no migration/condensation of the Lm signal.  

MEFs loaded with Gal-sulfatide and then treated with ASA, which removes the suflated 

moeity from the sulfated glycolipid, demonstrated no increase in Lm binding or coverage.   

 

Figure 66.  Inhibition of exogeneous Lm-111 accumulation on MEF cell surfaces (in 

the abscence of sulfatide) by contemporaneous addition of recombinant 1LG4-5 

proteins.  Cultures of nearly confluent MEFs were incubated with 20 ug/ml of EHS Lm-

111 and 100 ug/ml of various recombinant 1LG4-5 proteins for 45 minutes at 37oC, 

washed, fixed, stained with anti-rG50 antibody, and Lm-111 binding to the cell surface of 

the MEFs measured.  (A)  Representative images of the inhibitions are depicted.  (B)  

The total Lm-111 signal in each image was measured, equilibrated based on cell 

number (determined by counting DAPI stained nuclei), and values plotted relative to the 

binding observed in the prescence of exogeneous Lm-111 and the absence of 

competeing 1LG4-5.    The theory behind this inhibition is that if a mutation in the 

competing mutant recombinant 1LG4-5 is deleterious to the binding activity responsible 

for binding of the LG4-5 to the cell surface then the competing 1LG4-5 will not 

efficiently bind to the cell surface nor be an efficient competitor for binding of the Lm-111 
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and the resulting Lm-111 signal will not decrease.  Conversely, competing 1LG4-5 

recombinant proteins bearing mutations which result in an observed decrease in Lm-111 

binding must be binding the cell surface and, therefore, contain mutations which do not 

affect the binding activity responsible for Lm binding to the cell surface of MEFs.  

Accordingly, the binding results suggest that KDR2860 (rE3-J) does not represent a 

sequence involved in binding to the celll surface of Schwann cells, whereas, RKR2721 

(rE3-A), KRK2793 (rE3-G), and RAR2833 (rE3-I) are involved to varying degree in the 

binding of Lm to the MEF cell surface.  

 

Figure 67. Accumulation of various exogeneous recombinant heterotrimeric  

laminins on the cell surface of MEFs in the absence of sulfatide.  Cultures of nearly 

confluent MEFs were incubated with 20 ug/ml of EHS Lm-111 and various recombinant 

heterotrimeric Lm-111s for 45 minutes at 37oC, washed, fixed, stained with anti E1’ 

antibody, and Lm-111 binding to the cell surface of the MEFs measured.  (A) 

Representative images of the laminin binding observed.  (B)  The total Lm-111 signal in 

each image was measured, equilibrated based on cell number (determined by counting 

DAPI stained nuclei), and values plotted relative to the binding observed in the MEFs 

incubated with Lm-111Nm/Nh/Cf.  Recombinant heterotrimeric WT laminin, Lm-111Nm/Nh/Cf, 

bound to the MEF cell surface with a signal intensity similar to EHS purified Lm-111.  

Recombinant laminins unable to polymerize, both Lm-111Nm3/Nh/Cf  and Lm-1116-

5N0/Nh/Cf, or not possessing anchorage through deletion of the 1 chain’s LG4 domain, 

both Lm-111LG1-5Nm/Nh/Cf  and Lm-111LG4-5Nm/Nh/Cf, demonstrated a severe 

reduction in their ability to bind the cell surface of MEFs.  Furthermore, both 1 LG4 

point mutation heterotrimeric Lm-111s, Lm-111RKR2721Nm/Nh/Cf  (rE3-A) and Lm-

111RAR2833Nm/Nh/Cf (rE3-I), also revealed a severe reduction in binding. 
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Figure 68. Differences in accumulation patterns on MEF cell surfaces (sulfatide not 

present) between recombinant heterotrimeric laminins, as a consequence of their 

polymerization capability.   20 ug/ml of exogenous WT Lm-111Nm/Nh/Cf and 

polymerization incapable Lm-111LN-LEa0/Nh/Cf were incubated with MEFs for 45 min. 

at 37oC.  The exposure is increased threefold in the mutant Lm in order to be able to 

observe the pattern.  The accumulation of polymerization incompetant Lm-111 on the 

cell surface of MEFs is much less than that observed with WT laminins.  Furthermore, 

the polymerization incompetant Lm-111 appears to bind the surface in a much finer 

punctate pattern, perhaps indicative of its inability to bind other laminins and form larger 

aggregates.  

 

Figure 69. Recombinant 1G4-5 inhibition of Lm-111 binding.  Diagram representing 

a theoretical explanation as to why the various recombinant 1LG4-5s were not more 

efficient inhibitory reagents with regards to blocking heterotrimeric laminin binding.  First 

of, the 1LG4-5s contain mutiple binding sites and only some are effected by mutation, 

whereas, the full length laminins posses multiple binding activities not present in LG4-5 

which may provide added anchorage, stability, or affinity of the heterotrimer over the 

LG4-5 fragment.  Furthermore, the ability of the heterotrimer to bind other laminins and 

bring them into a complex may quickly generate an aggregate which the LG4-5 can not 

effectively compete against.  The combined overall number of binding sites in a laminin 

aggregate may be too much for LG4-5 to displace.  There are also potential post-

translational glycosylation, stability, activity, and LG1-3 contributing factors which may 

also be affecting the system. 
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Figure 70. Embryoid body summary.   Both laminin 1 null and 1 integrin null EBs will 

develop an outer endodermal layer of cells, however, neither will progress further in 

development without the addition of exogeneous laminin.  The addition of exogeneous 

Lm-111 will enable the EBs to pass this differentiation blockage and form a BM 

underneath the outer endodermal layer, undergo apoptosis to form a central cavity and 

differentiate to form an epiblast layer underneath the formed BM. 

 

Figure 71. Basement membrane formation and epiblast differentiation in 1 laminin 

null embryoid bodies treated with Lm-111, modified Lm-111, Lm-111 fragments, 

and recombinant Lm-111s.   Laminin 1 null EBs were grown in the absence or 

prescence of various laminins and laminin fragments and the percentage of EBs to form 

a BM and develop a differentiated epiblast layer recorded.  Any deficiency in laminin 

polymerization (chemical modification, domain deletion, fragment inhibition) or LG4 

anchorage (domain deletion and fragment inhibition) resulted in no to very low BM 

formation and epiblast differentiation. 

 

 Figure 72. Lm-111 binding, accumulation, condensation, formation of higher 

order complexes, BM formation, and cell signaling.  MEFs do not contain sulfatide, 

however, they do contain DG.  (A)  In DG null MEFs, with no DG and no sulfatide, 

ganglioside GM1 containing transitory micro lipid rafts will form, they may migrate, but 

will not condense, and will not form higher order lipid rafts, nor will a basement 

membrane assemble.  Exogeneous laminin-111 will not bind the cell surface and there is 

no change in the behavior of the cell.  (B) In WT MEFs, with DG present but no 

sulfatide, DG will associate in GM1 positive micro lipid rafts of a very transitory state, 

however, the complex micro lipid raft will not condense, form higher order lipid rafts, or 
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assemble a basement membrane.  Exogeneous laminin-111 will bind DG in the micro 

lipid rafts, laminin binding proteins will also accumulate on the surface of the micro lipid 

rafts, the micro lipid raft complex will migrate and condense, however, there is no 

formation of higher order lipid rafts or basement membrane formation.  (C)  In DG null 

MEFs, with no DG and sulfatide, once the cells have been loaded with sulfatide, 

exogeneous laminin-111 will bind and accumulate in micro lipid rafts, as well as laminin 

binding proteins, such as nidogen and type IV collagen, these rafts will migrate, 

condense, and form both higher order complexes and a basement membrane, however, 

there is no induction of Src phosphorylation/activation.  (D) In WT MEFs, with DG but no 

sulfatide, once the cells have been loaded with sulfatide, the addition of exogeneous 

laminin-111 results in a process identical to that observed in (C), however, Src 

phosphorylation/activation is induced by the addition of the exogeneous laminin-111. 

 

Figure 73. Spatial location of binding activities in mouse 1 LG4.  The spatial 

location of heparin, DG, and sulfatide binding activities were mapped onto three 

dimensional respresentations of the mouse 1 LG4-5 crystal structure.  The sites 

overlap to varying degrees and explain the observed binding behaviours.  The major 

heparin site involves residues Arg2719, Arg2721, Lys2790, and Lys2791 of LG4.  There is also 

a combination minor heparin site and major DG site containing residues Lys2766 and 

Arg2768.  A second major DG site is comprised by Lys2820, Arg2831, and Arg2833.  
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Laminin Chain Tissue Expression Selected References

a1 

BM of epithelial tissues during 

embryogenesis; placenta,  fetal and new 

born kidney, brain, neuroretina, placenta, a 

few adult tissues 

[27, 31, 240, 488, 532, 533]

a2 

BM of skeletal and cardiac muscle, 

peripheral nerve, brain, capillaries, placenta 

[244-246, 248, 532, 534,535]

a3 

BM of stratified epithelial; skin and other [490, 536-538]

a4 

Vascular BMs (mesenchymal); adult muscle, 

lung, nerve, blood vessel 

[43, 539-544]

a5 

BM of epithelialtissues; widespread 

expression; developing muscle and nerve, 

synaptic BM, kidney 

[11, 493, 494, 543, 544] 

b1 

Ubiquitous; most tissues - embryogenesis, 

fetal, and adult

[26, 240]

b2 

Wide expression pattern; Neuromuscular 

junction (NMJ), glomerulus 

[2, 495, 496, 545, 546]

b3 

BM of stratified epithelial; skin and other [547, 548]

g1 

Ubiquitous; most tissues - embryogenesis, 

fetal, and adult

[28, 31]

g2 

BM of stratified epithelial; skin and other [549,550]

g3 

Non BM distribution in nerve, brain, 

epithelia 

[551]

Table 1.  Temporal and spatial expression patterns of  individual laminin 
chains.   The temporal and spatial expression patterns of the individual laminin 
chains along with references for the observations.  
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               a1LG4-5/WT.

primer

designation

e3-1

e3-2

e3-3

e3-kpn

Table 2.   Primer table and diagram for construction of recombinant

GGGCAGAGGGGTACCTCATTAGGGCTCAGGCCCGGGGCAGGAATG

oligonucleotide primer sequence (5'-3')

GCTCTGGCAGACTACAAGGACGACGATGACAAGCTGCACAGAGAACACGGGGAACTC

CTGGATCTTCTTTCTCCTTTGCCTGGCCGGGAGGGCTCTGGCAGACTACAAGGACGAC

GCCTAGGCTAGCCCGCCGCCACCATGAGGGCCTGGATCTTCTTTCTCCTTTGCCTG

G4 

mouse a1 laminin 
 G2 VI V IIIb IVa IVb IIIa II & I G1 G3 G5 - C G4 N - 

1,400 bp 

1,200 bp 

1,000 bp 

e3-1 + e3-kpn 

e3-2 + e3-kpn 

e3-3 + e3-kpn 

rLma1LG4-5WT G5 - C 

NheI 
RE site 

N - 

5' UTR BM40 FLAG EK site 

STOP 
STOP 

KpnI RE site 

rLma1LG4-5 cDNA G5 - 3' G4 5' - 

e3-kpn 

e3-kpn 

e3-kpn 

e3-1 

e3-2 

e3-3 

N
h

e
 I

 P
m

e
 I

 A
fl
 I
I

 H
in

d
 I
II

 K
p

n
 I

 B
a

m
 H

I
 B

s
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 I
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 I
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I
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h

o
 I

 X
b
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 I

 A
p

a
 I

 P
m

e
 I

 

PCR products 



 328

Table 3.   Oligonucleotide primer table and diagram for construction of mutant
                 recombinant a1LG4-5s.

primer

designation

e3-1 GCTCTGGCAGACTACAAGGACGACGATGACAAGCTGCACAGAGAACACGGGGAACTC

e3-2 CTGGATCTTCTTTCTCCTTTGCCTGGCCGGGAGGGCTCTGGCAGACTACAAGGACGAC

e3-3 GCCTAGGCTAGCCCGCCGCCACCATGAGGGCCTGGATCTTCTTTCTCCTTTGCCTG

e3-kpn GGGCAGAGGGGTACCTCATTAGGGCTCAGGCCCGGGGCAGGAATG

mutation 1st 1/2 PCR 2nd 1/2 PCR

designation original seq mutated seq downstream antisense oligo (5'-3') upstream sense oligo (5'-3')

2719
RKR/AAA

2719
RKR

2719
AAA CTCAGCTGCACCTGGAGCgcCgcCgcGACATCAGACTGATTC GAATCAGTCTGATGTCgcGgcGgcGCTCCAGGTGCAGCTGAG

2719
RKR/AKA

2719
RKR

2719
AKA CTCAGCTGCACCTGGAGcgCCTTCgcGACATCAGACTGATTC GAATCAGTCTGATGTCgcGAAGgcGCTCCAGGTGCAGCTGAG

2766
KGRTK/AGATA

2766
KGRTK

2766
AGATA GAGACCgcGGTCgcGCCCgcGCCGAGATCAAACATGAAGTGCAG GATCTCGGCgcGGGCgcGACCgcGGTCTCCCACCCTGCCCTGCTCAGTGATG

2791
KRK/AAA

2791
KRK

2791
AAA GTCAACAGTCATGAACGCCgcCgcTgcAATGTATTCTGTCTTGAC GTCAAGACAGAATACATTgcAgcGgcGGCGTTCATGACTGTTGACGGC

2831
RAR/AAA

2831
RAR

2831
AAA GATAGTCCCGATGTTCgcGGCCgcGTAGTGGCTGGGAAGGCCTCCGAG CAGCCACTACgcGGCCgcGAACATCGGGACTATCACCCACAG

2858
KDR/ADA

2858
KDR

2858
ADA GGCAGACAAGGGCgcGTCTgcATCCAGCTGTTGGC ACAGCTGGATgcAGACgcGCCCTTGTCTGCCTCTG

2719
RKR/AAA+

2791
KRK/AAA

2719
RKR+

2791
KRK

2719
AAA+

2791
AAA utilized PCR primers for 

2791
KRK mutation on 

2119
RKR construct utilized PCR primers for 

2791
KRK mutation on 

2119
RKR construct

Uppercase letters represent nucleotides identical to the native sequence

Lowercase letters represent nucleotides which differ from the native sequence (i.e. the bases being mutated to give rise to that particular mutant)

oligonucleotide primer sequence (5'-3')

induced amino acid mutations Y 

G4 

mouse a1  G2 VI V IIIb IVa IVb IIIa II & I G1 G3 G5 - C G4 N - 

rLma1LG4-5WT G5 - C 

NheI 
RE site 

N - 

5' UTR BM40 FLAG EK site 

STOP 
STOP 

KpnI RE site 

recombinant Lm a1 LG4-5 cDNA - 3' 5' - 

e3-downstream antisense mutation primer 

e3-downstream antisense mutation primer 

e3-downstream antisense mutation primer 

e3-1 

e3-2 

e3-3 

N
h

e
 I

 P
m

e
 I

 A
fl
 I
I

 H
in

d
 I
II

 K
p

n
 I

 B
a

m
 H

I
 B

s
tX

 I
 E

c
o
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 I

 E
c
o

R
 V

 B
s
tX

 I
 N

o
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I

 X
h

o
 I

 X
b

a
 I

 A
p

a
 I

 P
m

e
 I

 

G4 G5 

e3-kpn 

e3-kpn 

e3-site specific mutant primer 

e3-3 

site to be mutated 

3 successive PCRs 
to generate 1st 1/2 

X 

1 

2 

3 

4 

PCR to generate 
 2nd 1/2 

PCR to sew 2 pieces 
 together and generate 

full length recombinant a14-5 
with desired point mutation 

X 

X 

X 

1 

2 

3 

4 

4 3 

Y 
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Table 4.   Individual recombinant laminin constructs - mouse a1 LG4-5s.

1 a1LG4-5/WT-pRCX3 WT sequence with BM40, N-FLAG, under PCMV N-terminal FLAG neomycin

2 a1LG4-5/WT-PRSV WT sequence with BM40, N-FLAG, under PRSV N-terminal FLAG neomycin

3 a1LG4-5/WT-Pmb1Lm WT sequence with BM40, N-FLAG, under Pmb1Lm N-terminal FLAG neomycin

4 a1LG4-5/WTNf WT sequence with 5'UTR "consensus-1" N-terminal FLAG zeocin

5 a1LG4-5/WTCf WT sequence with 5'UTR "consensus-1" C-terminal FLAG zeocin

6 a1LG4-5/WTcon2Nf WT sequence with 5'UTR "consensus-2" N-terminal FLAG zeocin

7 a1LG4-5/WTh2bNf WT sequence with 5'UTR "H2B" N-terminal FLAG zeocin

8 a1LG4-5/WTtomm7Nf WT sequence with 5'UTR "TOMM7" N-terminal FLAG zeocin

9 a1LG4-5/WTiarsNf WT sequence with 5'UTR "IARS" N-terminal FLAG zeocin

10 a1LG4-5/WTfdft1Nf WT sequence with 5'UTR "FDFT1" N-terminal FLAG zeocin

11 a1LG4-5/WTube2sNf WT sequence with 5'UTR "UBE2S" N-terminal FLAG zeocin

12 a1LG4-5/WTeif4a1Nf WT sequence with 5'UTR "EIF4A1" N-terminal FLAG zeocin

13 a1LG4-5/WT(-f) WT sequence with 5'UTR "consensus-1"; FLAG removed no tag zeocin

14 a1LG4-5/WT-IGkNf WT sequence with IGk signal sequence N-terminal FLAG zeocin

15 a1LG4-5/WT-ma1Nf WT sequence with mouse a1 laminin signal sequence N-terminal FLAG zeocin

16 a1LG4-5/WTNm WT sequence with N-terminal myc tag N-terminal myc zeocin

17 a1LG4-5/WTNm3 WT sequence with N-terminal myc X3 tag N-terminal mycx3 zeocin

18 a1LG4-5/WTNh WT sequence with N-terminal HA tag N-terminal HA zeocin

19 a1LG4-5/WTNv WT sequence with N-terminal VSV-G tag N-terminal VSV-G zeocin

20 a1LG4-5/WTNp WT sequence with N-terminal protein C tag N-terminal protein C zeocin

21 a1LG4-5/WTNv5 WT sequence with V5 tag N-terminal V5 zeocin

22 a1LG4-5/RKR2721 mutated sequence reads AKA2721; formerly rE3-A N-terminal FLAG zeocin

23 a1LG4-5/RKR2721 mutated sequence reads AAA2721; formerly rE3-A2 N-terminal FLAG zeocin

24 a1LG4-5/RKR2721 mutated sequence reads RAA2721; formerly rE3-A' N-terminal FLAG zeocin

25 a1LG4-5/RKR2721 mutated sequence reads AKR2721 N-terminal FLAG zeocin

26 a1LG4-5/RKR2721 mutated sequence reads RAR2721 N-terminal FLAG zeocin

27 a1LG4-5/RKR2721 mutated sequence reads RKA2721 N-terminal FLAG zeocin

28 a1LG4-5/R2729 mutated sequence reads A2729; formerly rE3-B N-terminal FLAG zeocin

29 a1LG4-5/R2757 mutated sequence reads A2757; formerly rE3-C N-terminal FLAG zeocin

30 a1LG4-5/KGRTK2770 mutated sequence reads AGATA2721; formerly rE3-D N-terminal FLAG zeocin

31 a1LG4-5/KGRTK2770 mutated sequence reads AGRTK2721 N-terminal FLAG zeocin

32 a1LG4-5/KGRTK2770 mutated sequence reads KGATK2721 N-terminal FLAG zeocin

33 a1LG4-5/KGRTK2770 mutated sequence reads KGRTA2721 N-terminal FLAG zeocin

34 a1LG4-5/K2781 mutated sequence reads A2781; formerly rE3-E N-terminal FLAG zeocin

35 a1LG4-5/K2786 mutated sequence reads A2786; formerly rE3-F N-terminal FLAG zeocin

36 a1LG4-5/KRK2793 mutated sequence reads AAA2793; formerly rE3-G N-terminal FLAG zeocin

37 a1LG4-5/KRK2793 mutated sequence reads ARA2793; formerly rE3-G' N-terminal FLAG zeocin

38 a1LG4-5/KRK2793 mutated sequence reads ARK2793 N-terminal FLAG zeocin

39 a1LG4-5/KRK2793 mutated sequence reads KAK2793 N-terminal FLAG zeocin

40 a1LG4-5/KRK2793 mutated sequence reads KRA2793 N-terminal FLAG zeocin

mouse a1LG4-5 based constructs

descriptionconstruct designation epitope tag
selectable 

marker
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Table 4.  Individual recombinant laminin constructs  - mouse a1 LG4-5s.

(continued)

41 a1LG4-5/RK2820 mutated sequence reads AA2820; formerly rE3-H N-terminal FLAG zeocin

42 a1LG4-5/RK2820 mutated sequence reads AK2820 N-terminal FLAG zeocin

43 a1LG4-5/RK2820 mutated sequence reads RA2820 N-terminal FLAG zeocin

44 a1LG4-5/RAR2833 mutated sequence reads AAA2833; formerly rE3-I N-terminal FLAG zeocin

45 a1LG4-5/RAR2833 mutated sequence reads AAR2833 N-terminal FLAG zeocin

46 a1LG4-5/RAR2833 mutated sequence reads RAA2833 N-terminal FLAG zeocin

47 a1LG4-5/KDR2860 mutated sequence reads ADA2860; formerly rE3-J N-terminal FLAG zeocin

48 a1LG4-5/KDR2860 mutated sequence reads ADR2860 N-terminal FLAG zeocin

49 a1LG4-5/KDR2860 mutated sequence reads KDA2860 N-terminal FLAG zeocin

50 a1LG4-5/R2869 mutated sequence reads A2869; formerly rE3-K N-terminal FLAG zeocin

51 a1LG4-5/RKR2721+KRK2793 mutated sequence reads AAA2721 and AAA2793; formerly rE3-A2+G N-terminal FLAG zeocin

52 a1LG4-5/RKR2721+KRK2793 mutated sequence reads RAA2721 and ARA2793; formerly rE3-A'+G' N-terminal FLAG zeocin

53 a1LG4-5/C3014SNhis quadruple mutant utilized in crystal structure determination N-terminal His tag puromycin

54 a1LG4-5/C3014S quadruple mutant utilized in crystal structure determination no tag puromycin

55 a1LG4-5/N2714Q+N2811K+N2900Q+C3014S quadruple mutant utilized in crystal structure determination no tag puromycin

56 a1LG4-5/N2714 mutated sequence reads A2714; mutant of N-link site 1 in LG4 N-terminal FLAG zeocin

57 a1LG4-5/N2811 mutated sequence reads A2811; mutant of N-link site 2 in LG4 N-terminal FLAG zeocin

58 a1LG4-5/N2900 mutated sequence reads A2900; mutant of N-link site 3 in LG4 N-terminal FLAG zeocin

59 a1LG4-5/N2714+N2811 mutated sequence reads A2714 + A2811; N-link site 1 + 2 N-terminal FLAG zeocin

60 a1LG4-5/N2714+N2900 mutated sequence reads A2714 + A2900; N-link site 1 + 3 N-terminal FLAG zeocin

61 a1LG4-5/N2811+N2900 mutated sequence reads A2811 + A2900; N-link site 2 + 3 N-terminal FLAG zeocin

62 a1LG4-5/N2714+N2811+N2900 mutated sequence reads A2714 + A2811 + A2900; N-link site 1+2+3 N-terminal FLAG zeocin

63 a1LG4-5/D2747 mutated sequence reads A2747; 1st Asp of Ca2+ site in LG4 N-terminal FLAG zeocin

64 a1LG4-5/D2816 mutated sequence reads A2816; 2nd Asp of Ca2+ site in LG4 N-terminal FLAG zeocin

65 a1LG4-5/D2747+D2816 mutated sequence reads A2747 + A2816; 1st and 2nd Asp of Ca2+ site in LG4 N-terminal FLAG zeocin

66 a1LG4-5/D2923 mutated sequence reads A2923; 1st Asp of Ca2+ site in LG4 N-terminal FLAG zeocin

67 a1LG4-5/D2996 mutated sequence reads A2996; 2nd Asp of Ca2+ site in LG4 N-terminal FLAG zeocin

68 a1LG4-5/D2923+D2996 mutated sequence reads A2923 + A2996; 1st and 2nd Asp of Ca2+ site in LG5 N-terminal FLAG zeocin

construct designation description epitope tag
selectable 

marker

mouse a1LG4-5 based constructs
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Table 5 .  Individual recombinant laminin chain constructs.

1 a1WTNm a1 full length WT N-terminal c-myc puromycin

2 a1WT a1 full length WT none puromycin

3 a1WTNf a1 full length WT N-terminal FLAG puromycin

4 a1WTNc a1 full length WT N-terminal protein-C puromycin

5 a1WTNv a1 full length WT N-terminal VSV-G puromycin

6 a1WTNh a1 full length WT N-terminal HA puromycin

7 a1WTNm3 a1 full length WT N-terminal c-myc x3 puromycin

8 a1rLNNm a1 with deletion of the LN domain N-terminal c-myc puromycin

9 a1rLN-LEa(A)Nm a1 with deletion of the LN-LEa domains; leaves partial EGF in LEa N-terminal c-myc puromycin

10 a1rLN-LEa(B)Nm a1 with deletion of the LN-LEa domains; leaves partial EGF in LEb N-terminal c-myc puromycin

11 a1rLN-LEa(C)Nm a1 with deletion of the LN-LEa domains; removes partial EGF from LEb N-terminal c-myc puromycin

12 a1rLN-L4b(C)Nm a1 with deletion of the LN-L4b domains; removes partial EGF in LEc N-terminal c-myc puromycin

13 a1rLG1-5 (A)Nm a1 with deletion of the LG1-5 domains N-terminal c-myc puromycin

14 a1rLG1-5(B)Nm a1 with deletion of the LG1-5 domains N-terminal c-myc puromycin

15 a1rLG1-3Nm a1 with deletion of the LG1-3 domains N-terminal c-myc puromycin

16 a1rLG4-5Nm a1 with deletion of the LG4-5 domains N-terminal c-myc puromycin

17 a1/RKR2721Nm a1 full length with 2 point mutations; mutated RKR2721 to RAA N-terminal c-myc puromycin

18 a1/KRK2793Nm a1 full length with 2 point mutations; mutated KRK2793 to ARA N-terminal c-myc puromycin

19 a1/RAR2833Nm a1 full length with 2 point mutations; mutated RAR2833 to AAA N-terminal c-myc puromycin

20 a1WTCf a1 full length WT C-terminal FLAG puromycin

21 a1rLG1-5Nf a1 with deletion of the LG1-5 domains N-terminal FLAG G418

22 a1rLG1-5(A)Cf a1 with deletion of the LG1-5 domains C-terminal FLAG puromycin

23 a1rLG1-5(B)Cf a1 with deletion of the LG1-5 domains C-terminal FLAG G418

24 a1rLN-L4a(A)Nm a1 with deletion of the LN-L4a domains; leaves partial EGF in LEa N-terminal c-myc puromycin

25 a1rLN-L4a(B)Nm a1 with deletion of the LN-L4a domains; leaves partial EGF in LEb N-terminal c-myc puromycin

26 a1rLN-L4a(C)Nm a1 with deletion of the LN-L4a domains; removes partial EGF in LEb N-terminal c-myc puromycin

27 a1rLN-LEb(A)Nm a1 with deletion of the LN-LEb domains; leaves partial EGF in LEb N-terminal c-myc puromycin

28 a1rLN-LEb(B)Nm a1 with deletion of the LN-LEb domains; leaves partial EGF in LEc N-terminal c-myc puromycin

29 a1rLN-LEb(C)Nm a1 with deletion of the LN-LEb domains; removes partial EGF in LEc N-terminal c-myc puromycin

30 a1rLN-L4b(A)Nm a1 with deletion of the LN-L4b domains; leaves partial EGF in LEb N-terminal c-myc puromycin

31 a1rLN-L4b(B)Nm a1 with deletion of the LN-L4b domains; leaves partial EGF in LEc N-terminal c-myc puromycin

32 a1(A)Nf a1 full length WT N-terminal FLAG hygro

33 a1(B)Nf a1 full length WT N-terminal FLAG G418

construct designation description epitope tag
selectable 

marker

 mouse a1 laminin based constructs

- a1 based constructs 



 332

.. .. .. mouse a1 domain LN _ .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1p4 G G A C G A C G A T G A C A A G C A G C A G A G A G G C T T G T T C C C T G C

ha1p8 G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C G A C G A T G A C A A G

ha1p9 G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C

ha1p6 C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G

ma1F21 A T G G C T A A G G G T C A T G A G G T C T G C

ma1F20 A G G A A G G C G T T C A T G A C T G T T G A C

ma1F25 G G C A G A G G C G C G G C C G C T A T T A G G G C T C A G G C C C G G G G C A G G A A T

.. .. .. mouse a1 domain LN _ .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A Q Q R G L F P A I L N L A T N A H I S .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F29 G C T C T G G C A C A G C A G A G A G G C T T G T T C C C T G C

ma1F28 T T G C C T G G C C G G G A G G G C T C T G G C A C A G C A G A G A G G C T T G

ma1F5 T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G G C

ma1F6 G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G

ma1F26 C C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C

ma1F21 A T G G C T A A G G G T C A T G A G G T C T G C

ma1F20 A G G A A G G C G T T C A T G A C T G T T G A C

ma1F25 G G C A G A G G C G C G G C C G C T A T T A G G G C T C A G G C C C G G G G C A G G A A T

.. .. .. mouse a1 domain LN _ .. .. .. .. .. .. .. .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A D Y K D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. .. .. .. .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F39 C T T T G C C T G G C C G G G A G G G C T C T G G C A G A C T A C A A G G A C G A C G A T G A C A A G C A G C A G A G A G G C T T G T T C C C T G C

ma1F30 C C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G G

ma1F22 G A C A T A T T G G T C A C C T G A C T A A T G

ma1F20 A G G A A G G C G T T C A T G A C T G T T G A C

ma1F25 G G C A G A G G C G C G G C C G C T A T T A G G G C T C A G G C C C G G G G C A G G A A T

.. .. .. mouse a1 domain LN _ .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E D Q V D P R L I D G K D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F32 G A C C C G C G C C T G A T C G A C G G T A A G G A C G A C G A T G A C A A G C A G C A G A G A G G C T T G T T C C C T G C

ma1F31 C T T T G C C T G G C C G G G A G G G C T C T G G C A G A G G A C C A G G T C G A C C C G C G C C T G A T C G A C G G T A A G

ma1F30 C C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G G

ma1F22 G A C A T A T T G G T C A C C T G A C T A A T G

ma1F20 A G G A A G G C G T T C A T G A C T G T T G A C

ma1F25 G G C A G A G G C G C G G C C G C T A T T A G G G C T C A G G C C C G G G G C A G G A A T

6.1.

construct coding sequences of interest in construct

a1WTNm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

anti-sense

construct C-term 

fragment

sense

anti-sense

6.2.

construct coding sequences of interest in construct

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

sense

a1WT
BM40 signal peptide s

to
p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct C-term 

fragment

sense

anti-sense

6.3.

construct coding sequences of interest in construct

construct N-term 

fragment

sense

sense

sense

sense

sense

anti-sense

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

anti-sense

a1WTNf

BM40 signal peptide FLAG tag + EK s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

a1WTNc

BM40 signal peptide protein C epitope tag EK s
to

p

s
to

p

construct C-term 

fragment

sense

anti-sense

6.4.

construct coding sequences of interest in construct

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

anti-sense

construct C-term 

fragment

sense

anti-sense

Table 6. Construction of mouse laminin a chain expression constructs and other 
              assorted information. 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

NotI 
RE site 

ma1f29 

ma1F28 

ma1F5 

ma1F6 

BspHI 
RE site 

PCR 
product 

BspHI 
RE site 

ma1F20 

NotI 
RE site 

ma1F21 

ma1F21 

ma1F21 

ma1F21 

ma1F25 

LG2 LG3 LG4 LG5 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product 

NotI 
RE site 

ma1F39 

ma1F30 

Bst EII 
RE site 

PCR 
product 

BspHI 
RE site 

ma1F20 

NotI 
RE site 

ma1F22 

ma1F22 

ma1F25 

LG2 LG3 LG4 LG5 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment ma1F32 

ma1F31 PCR 
product 

BspHI 
RE site 

ma1F20 

NotI 
RE site 

ma1F22 

ma1F22 

ma1F25 

LG2 LG3 LG4 LG5 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product 

NotI 
RE site 

ma1p4 

ha1p8 

ha1p9 

ha1p6 

BspHI 
RE site 

PCR 
product 

BspHI 
RE site 

ma1F20 

NotI 
RE site 

ma1F21 

ma1F21 

ma1F21 

ma1F21 

ma1F25 

LG2 LG3 LG4 LG5 

PCR product 

ma1F26 ma1F21 

PCR product 

NotI 
RE site 

ma1F30 

Bst EII 
RE site 

ma1F22 
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.. .. .. mouse a1 domain LN _ .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A Y T D I E M N R L G K D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F34 G A A A T G A A C C G C C T G G G T A A G G A C G A C G A T G A C A A G C A G C A G A G A G G C T T G T T C C C T G C

ma1F33 C T T T G C C T G G C C G G G A G G G C T C T G G C A T A C A C T G A T A T C G A A A T G A A C C G C C T G G G T A A G G A C

ma1F30 C C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G G

ma1F22 G A C A T A T T G G T C A C C T G A C T A A T G

ma1F20 A G G A A G G C G T T C A T G A C T G T T G A C

ma1F25 G G C A G A G G C G C G G C C G C T A T T A G G G C T C A G G C C C G G G G C A G G A A T

.. .. .. mouse a1 domain LN _ .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A Y P Y D V P D Y A D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F110 G A C G T C C C A G A C T A C G C T G A C G A C G A T G A C A A G C A G C A G A G A G G C T T G T T C C C T G C

ma1F111 C T T T G C C T G G C C G G G A G G G C T C T G G C A T A C C C A T A C G A C G T C C C A G A C T A C G C T G A C G A C

ma1F30 C C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G G

ma1F22 G A C A T A T T G G T C A C C T G A C T A A T G

ma1F20 A G G A A G G C G T T C A T G A C T G T T G A C

ma1F25 G G C A G A G G C G C G G C C G C T A T T A G G G C T C A G G C C C G G G G C A G G A A T

.. .. .. mouse a1 domain LN _ .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L E Q K L I S E E D L E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L .. .. .. S C P G P E P .. .. ..

ma1F36 C T C A T C T C A G A A G A G G A T C T G G A C G A C G A T G A C A A G C A G C A G A G A G G C T T G T T C C C T G C

ma1F38 G G A T C T T G A G C A G A A G C T G A T A T C C G A G G A A G A C C T C G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

ma1F37 C T T T G C C T G G C C G G G A G G G C T C T G G C A G A G C A A A A G C T T A T T A G C G A A G A G G A T C T T G A G C A G A A G C T G A T A T C C

ma1F30 C C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G G

ma1F22 G A C A T A T T G G T C A C C T G A C T A A T G

ma1F20 A G G A A G G C G T T C A T G A C T G T T G A C

ma1F25 G G C A G A G G C G C G G C C G C T A T T A G G G C T C A G G C C C G G G G C A G G A A T

.. .. .. mouse a1 domain LEa _ .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K G M C I C Y G H A S S C P W D E E A K .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F90 C T C A T C T C A G A A G A G G A T C T G G A C G A C G A T G A C A A G G G C A T G T G C A T T T G C T A C G G C C A T G

ma1F35 C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-11 C C G C G G G C T A G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-13 C A T A T T G G T C A C C T G A C T A A T G G A C C A C

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

anti-sense

a1rLNNm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

construct C-term 

fragment

sense

anti-sense

6.8.

construct coding sequences of interest in construct

construct N-term 

fragment

sense

sense

sense

sense

anti-sense

s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

a1WTNm3

BM40 signal peptide c-myc epitope tag 1 c-myc epitope tag 2 c-myc epitope tag 3 EK

construct C-term 

fragment

sense

anti-sense

6.7.

construct coding sequences of interest in construct

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

anti-sense

a1WTNh

BM40 signal peptide HA epitope tag EK s
to

p

s
to

p

construct C-term 

fragment

sense

anti-sense

6.6.

construct coding sequences of interest in construct

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

anti-sense

a1WTNv

BM40 signal peptide VSV-G epitope tag EK s
to

p

s
to

p

6.5.

construct coding sequences of interest in construct

Table 6. Construction of mouse laminin a chain expression constructs and other      
                       assorted information.  (continued) 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product NheI 
RE site 

ma1F90 

ma1F35 

050604-11 

BstEII 
RE site 

050604-13 

050604-13 

050604-13 

LG2 LG3 LG4 LG5 

RE fragment 

NheI 
RE site 

NheI 
RE site 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment ma1F34 

ma1F33 PCR 
product 

BspHI 
RE site 

ma1F20 

NotI 
RE site 

ma1F22 

ma1F22 

ma1F25 

LG2 LG3 LG4 LG5 

PCR product 

NotI 
RE site 

ma1F30 

Bst EII 
RE site 

ma1F22 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment ma1F100 

ma1F111 PCR 
product 

BspHI 
RE site 

ma1F20 

NotI 
RE site 

ma1F22 

ma1F22 

ma1F25 

LG2 LG3 LG4 LG5 

PCR product 

NotI 
RE site 

ma1F30 

Bst EII 
RE site 

ma1F22 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment ma1F36 

ma1F38 PCR 
product 

BspHI 
RE site 

ma1F20 

NotI 
RE site 

ma1F22 

ma1F22 

ma1F25 

LG2 LG3 LG4 LG5 

ma1F37 ma1F22 

PCR product 

NotI 
RE site 

ma1F30 

Bst EII 
RE site 

ma1F22 
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.. .. .. ma1 L4a _ .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K S L T W S I S Q V T N M S G W L V T D L .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F-duh C T C A T C T C A G A A G A G G A T C T G G A C G A C G A T G A C A A G A G C C G C A C G T G G T C C A T T A G T C A G

ma1F35 C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-9 C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-10 G T A A C C A T C T G C A C A T C T C T C A C A C

.. .. .. ma1 LEa5 _ ma1 L4a _ .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K C F C F G V S G V C D S L T W S I S Q V .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F-duh2 C T C A T C T C A G A A G A G G A T C T G G A C G A C G A T G A C A A G T G C T T C T G C T T C G G T G T C T C T G G T G

ma1F35 C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-9 C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-10 G T A A C C A T C T G C A C A T C T C T C A C A C

.. .. .. ma1 L4a _ .. .. .. .. ^ ma1 L4a ^ LEb1   a .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K S L T W S I S .. .. .. .. D L A V A A D V E H P C E C H G H A S .. .. .. .. H S C P G P E P .. .. ..

ma1F-duh C T C A T C T C A G A A G A G G A T C T G G A C G A C G A T G A C A A G A G C C T C A C G T G G T C C A T T A G T C A G

ma1F35 C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

ma1F-duh3 G C A T G C C C G T G G C A C T C G C A G G G G T G T T C C A C A T C A G C A G C C A C T G C

ma1F-duh4 G C A G T G G C T G C T G A T G T G G A A C A C C C C T G C G A G T G C C A C G G G C A T G C

050604-10 G T A A C C A T C T G C A C A T C T C T C A C A C

050604-9 C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-10 G T A A C C A T C T G C A C A T C T C T C A C A C

.. .. .. mouse a1 domain LEc1 _ .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K P C N C N N H S D V C D P E T G K C L .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F-da2 C T C A T C T C A G A A G A G G A T C T G G A C G A C G A T G A C A A G C C C T G C A A T T G C A A C A A C C A C A G T G

ma1F35 C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-9 C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

da2-10 C T T G C T T C C A G C T T C C T T A A G G A G

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

N-term fragment

sense

sense

sense

anti-sense

6.12.

construct coding sequences of interest in construct

a1rLN-L4b(C)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

2nd part N-term 

fragment

sense

anti-sense

N-term fragment sew
sense

anti-sense

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct 1st part of 

N-term fragment

sense

sense

anti-sense

6.11.

construct coding sequences of interest in construct

a1rLN-LEa(C)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

anti-sense

6.10.

construct coding sequences of interest in construct

a1rLN-LEa(B)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

anti-sense

6.9.

construct coding sequences of interest in construct

a1rLN-LEa(A)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

PCR product BamHI 
RE site 

ma1F-duh2 

ma1F35 

050604-9 

- C  LN LE LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product BamHI 
RE site 

ma1F-duh 

ma1F35 

050604-9 

BamHI 
RE site 

050604-10 

050604-10 

050604-10 

LG2 LG3 LG4 LG5 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- LG2 LG3 LG4 LG5 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

PCR product 
BamHI 
RE site 

ma1F-duh 

ma1F35 

ma1F-duh3 

ma1F-duh3 

LG2 LG3 LG4 LG5 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- LG2 LG3 LG4 LG5 

BamI 
RE site 

050604-9 

RE fragment 

BamHI 
RE site 

050604-10 

050604-10 

050604-10 

BamI 
RE site 

RE fragment 

BamHI 
RE site 

050604-10 

BamI 
RE site 

050604-10 

PCR product BamHI 
RE site 

ma1F-da2 

ma1F35 

050604-9 

RE fragment 

AflII 
RE site 

da2-10 

da2-10 

da2-10 

BamI 
RE site 

ma1F-duh4 

Table 6. Construction of mouse laminin a chain expression constructs and other      
                       assorted information.  (continued) 
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.. .. .. mouse a1 domain LN _ .. .. .. .. ^ coiled-coil .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. L S R N L S E I K L L I S R A R K Q A .. .. ..

dg1 G A G G A G C T C C T T A A G G A A G C T G G A A G

dg2 G A C T C G A G C G G C C G C T A T T A C G C T T G T T T C C G G G C C C G G C T G A T C A G

dg3 C T G A T C A G C C G G G C C C G G A A A C A A G C G T A A T A G C G G C C G C T C G A G T C

dg4 G T G G C G G C A C C G G T C G T G G C G G C C G

dg1 G A G G A G C T C C T T A A G G A A G C T G G A A G

dg4 G T G G C G G C A C C G G T C G T G G C G G C C G

.. .. .. mouse a1 domain LN _ .. .. .. .. ^ coiled-coil .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. L S R N L S E I K L L I S R A R K Q A .. .. ..

dg5 C G G C A A C C C T C G A G C A G C A G G T G

dg6 C C G G C G C G A C T C G A G C G G C C G C T A T T A C G C T T G T T T C C G G G C C C G G C T G A T C A G

.. .. .. mouse a1 domain LN _ .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ..

050604-1 g a a a g g t g c t c t g c a g g c t a t c a c g

050604-4 g a g t t c c c c g t g t t c t c t g t g c a g t t g t t t c c g g g c c c g g c t g a t c a g c a g

050604-5 c t g c t g a t c a g c c g g g c c c g g a a a c a a c t g c a c a g a g a a c a c g g g g a a c t c

050604-6 g c t g a t c a g c g g g t t t a a a c g g g c

050604-1 g a a a g g t g c t c t g c a g g c t a t c a c g

050604-6 g c t g a t c a g c g g g t t t a a a c g g g c

.. .. .. mouse a1 domain LN _ .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ..

050604-1 g a a a g g t g c t c t g c a g g c t a t c a c g

050604-2 g a t g c g g c t c g a g t t a t c a a c t c t g c a t g g g c t c t t c t g c c a g

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

PCR fragment
sense

anti-sense

6.16.

construct coding sequences of interest in construct

a1rLG4-5Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

2nd part C-term 

fragment

sense

anti-sense

C-term fragment sew
sense

anti-sense

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

1st part of C-term 

fragment

sense

anti-sense

6.15.

construct coding sequences of interest in construct

a1rLG1-3Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

2nd approach
sense

anti-sense

6.14.

construct coding sequences of interest in construct

a1rLG1-5(B)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

2nd part C-term 

fragment

sense

anti-sense

C-term fragment sew
sense

anti-sense

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

1st part of C-term 

fragment

sense

anti-sense

6.13.

construct coding sequences of interest in construct

a1rLG1-5(A)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product 

XhoI 
RE site 

LG2 LG3 LG4 LG5 

XhoI 
RE site 

XhoI 
RE site 

dg5 dg6 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product AgeI 
RE site 

LG2 LG3 LG4 LG5 

AfllII 
RE site 

AflII 
RE site 

dg1 dg2 

dg3 dg4 

dg1 dg4 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product XhoI 
RE site 

LG2 LG3 LG4 LG5 

XhoI 
RE site 

050604-1 050604-4 

050604-5 050604-6 

050604-6 

RE fragment 

050604-1 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product 

XhoI 
RE site 

LG2 LG3 LG4 LG5 

XhoI 
RE site 

050604-1 050604-2 RE fragment 

XhoI 
RE site 

Table 6. Construction of mouse laminin a chain expression constructs and other      
                       assorted information.  (continued) 
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.. .. .. mouse a1 domain LN _ .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

051206-1 A T C G C C T T C C A G C G G A A C C G G A A G

XREV C T G C A C C T G G A G g g c g g c C C G G A C A T C A G A C

XFOR G T C T G A T G T C C G G g c c g c c C T C C A G G T G C A G

X3 G G G C C C T C T A G A C T C G A G C G G C C G

051206-1 A T C G C C T T C C A G C G G A A C C G G A A G

X3 G G G C C C T C T A G A C T C G A G C G G C C G

.. .. .. mouse a1 domain LN _ .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

051206-1 A T C G C C T T C C A G C G G A A C C G G A A G

YREV C A A C A G T C A T G A A C G C g g c C C T g g c A A T G T A T T C T G T C T T G

YFOR C A A G A C A G A A T A C A T T g c c A G G g c c G C G T T C A T G A C T G T T G

X3 G G G C C C T C T A G A C T C G A G C G G C C G

051206-1 A T C G C C T T C C A G C G G A A C C G G A A G

X3 G G G C C C T C T A G A C T C G A G C G G C C G

.. .. .. mouse a1 domain LN _ .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

051206-1 A T C G C C T T C C A G C G G A A C C G G A A G

ZREV G T G A T A G T C C C G A T G T T g g c G G C g g c G T A G T G G C T G G G A A G G C

ZFOR G C C T T C C C A G C C A C T A C g c c G C C g c c A A C A T C G G G A C T A T C A C

X3 G G G C C C T C T A G A C T C G A G C G G C C G

051206-1 A T C G C C T T C C A G C G G A A C C G G A A G

X3 G G G C C C T C T A G A C T C G A G C G G C C G

.. .. .. mouse a1 domain LN _ .. .. .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. .. .. S R A F D L Q G V F P H S C P G P E P D Y K D D D D K .. .. ..

ma1p4 G G A C G A C G A T G A C A A G C A G C A G A G A G G C T T G T T C C C T G C

ha1p8 G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C G A C G A T G A C A A G

ha1p9 G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C

ha1p6 C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G

ma1F21 A T G G C T A A G G G T C A T G A G G T C T G C

ma1F20 A G G A A G G C G T T C A T G A C T G T T G A C

ma1F25 G G C A G A G G C G C G G C C G C T A T T A G G G C T C A G G C C C G G G G C A G G A A T

anti-sense

construct C-term 

fragment

sense

anti-sense

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

sense

6.20.

construct coding sequences of interest in construct

a1Cf

BM40 signal peptide EK FLAG tag + EK s
to

p

s
to

p

sense

anti-sense

2nd PCR fragment
sense

anti-sense

sewn PCR fragment
sense

anti-sense

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

sense

anti-sense

6.19.

construct coding sequences of interest in construct

a1/RAR2833Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

designation oligonucleotide sequence (5'-3')

1st PCR fragment
sense

anti-sense

2nd PCR fragment
sense

anti-sense

construct coding sequences of interest in construct

a1/KRK2793Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

1st PCR fragment

sewn PCR fragment

orientation

forward/sense  and reverse/anti-sense oligonucleotide primers

usage

6.18.

2nd PCR fragment
sense

anti-sense

sewn PCR fragment
sense

anti-sense

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

1st PCR fragment
sense

anti-sense

construct coding sequences of interest in construct

a1/RKR2721Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

6.17.

Table 6. Construction of mouse laminin a chain expression constructs and other      

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 2 

PCR product NotI 
RE site 

LG2 LG3 LG4 LG5 

NheI 
RE site 

XREV RE fragment 1 

Not 
RE site 

RE fragment 1 051206-1 

X3 XFOR 

051206-1 X3 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 2 

PCR product NotI 
RE site 

LG2 LG3 LG4 LG5 

NheI 
RE site 

YREV RE fragment 1 

Not 
RE site 

RE fragment 1 051206-1 

X3 YFOR 

051206-1 X3 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 2 

PCR product NotI 
RE site 

LG2 LG3 LG4 LG5 

NheI 
RE site 

ZREV RE fragment 1 

Not 
RE site 

RE fragment 1 051206-1 

X3 ZFOR 

051206-1 X3 

AAAto  RARmutation of  = 

ARAto  KRKmutation of  = 

AARto  KRRmutation of  = 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product 

NotI 
RE site 

ma1p4 

ha1p8 

ha1p9 

ha1p6 

BspHI 
RE site 

PCR 
product 

BspHI 
RE site 

ma1F20 

NotI 
RE site 

ma1F21 

ma1F21 

ma1F21 

ma1F21 

ma1F25 

LG2 LG3 LG4 LG5 
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.. .. .. mouse a1 domain LN _ .. .. .. .. ^ coiled-coil .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A D Y K D D D D K Q Q R G L F P A I L N L A T N A H I L A T N A H I S .. .. .. .. S R N L S E I K L L I S R A R K Q A A .. .. ..

da4-1 C T G C T G A G G A G C T C C T T A A G G A A G

da3-10 G C G C C C G C G G T C A T T A G G G C T C A G G C C C G G G G C A G G A A T G A G

.. .. .. mouse a1 domain LN _ .. .. .. .. ^ coiled-coil .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. L S R N L S E I K L L I S R A R K Q A .. .. ..

ma1p-1 G A G G G C T C T G G C A C A G C A G A G A G G C T T G T T C C C T G C

ma1p-2 C T T T G C C T G G C C G G G A G G G C T C T G G C A C A G C A G A G A G

ma1p-3 sense T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G

ha1p-6 sense C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G

ma1F22 antisense G A C A T A T T G G T C A C C T G A C T A A T G

da4-1 C T G C T G A G G A G C T C C T T A A G G A A G

da5-11 G C G C G G C C G C T C A T T A C T T G T C G T C A T C A T C G T C C T T G T A G T C G G G C T C A G G C C C G G G G C A G G A A T G A G

.. .. .. mouse a1 domain LN _ .. .. .. .. ^ coiled-coil .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A Q Q R G L F P A I L N L A T N A H I L A T N A H I S .. .. .. .. S R N L S E I K L L I S R A R K Q A A D Y K D D D D K .. .. ..

ma1p-1 G A G G G C T C T G G C A C A G C A G A G A G G C T T G T T C C C T G C

ma1p-2 C T T T G C C T G G C C G G G A G G G C T C T G G C A C A G C A G A G A G

ma1p-3 sense T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G

ha1p-6 sense C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G

ma1F22 antisense G A C A T A T T G G T C A C C T G A C T A A T G

da4-1 sense C T G C T G A G G A G C T C C T T A A G G A A G

da3-11 antisense G C G C C C G C G G T C A T T A C T T G T C G T C A T C A T C G T C C T T G T A G T C G G G C T C A G G C C C G G G G C A G G A A T G A G

.. .. .. mouse a1 N-terminal domain EGF 15 C-terminal EGF 15 .. .. .. ^ LG5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K E C F C F G V S G V C D S L T E H C E C P Q G Y T .. .. .. L Q G V F P H S C P G P E P .. .. ..

050604-40 sense C T C A T C T C A G A A G A G G A T C T G G A C G A G T G C T T C T G C T T C G G T G T C T C T G G T G T C T G T T G T G A A T G T C C C C A A G G C T A C A C G

ma1F35 sense C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-9 sense C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-10 anti-sense G T A A C C A T C T G C A C A T C T C T C A C A C

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-

term fragment

coding sequences of interest in construct

a1rLN-L4a(A)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

usage designation orientation oligonucleotide sequence (5'-3')

N-terminal PCR 

fragment

sense

sense

sense

6.23.

construct coding sequences of interest in construct

a1rLG1-5(B)Cf

BM40 signal peptide FLAG tag + EK s
to

p

s
to

p

c-myc epitope tag EK s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

6.21.

FLAG tag + EK

6.22.

construct coding sequences of interest in construct

a1rLG1-5(A)Cf

construct

6.24.

C-terminal PCR 

fragment

forward/sense  and reverse/anti-sense oligonucleotide primers

C-terminal PCR 

fragment

sense

antisense

N-terminal PCR 

fragment

sense

BM40 signal peptide

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

PCR fragment
sense

antisense

construct coding sequences of interest in construct

a1rLG1-5Nf

BM40 signal peptide s
to

p

s
to

p

Table 6. Construction of mouse laminin a chain expression constructs and other      

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

LG2 LG3 LG4 LG5 

BamHI 
RE site 

050604-10 

BamHI 
RE site 

050604-40 

ma1F35 

050604-9 

050604-10 

050604-10 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- LG2 LG3 LG4 LG5 

PCR product 

da4-1 RE fragment 

AflII 
RE site 

da3-10 

SacII 
RE site 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- LG2 LG3 LG4 LG5 

PCR product 

da4-1 RE fragment 

AflII 
RE site 

da3-11 

SacII 
RE site 

ma1p-1 

ma1p-2 

ma1F22 

ma1F22 

PCR product 

NotI 
RE site 

ma1p-3 

Bst EII 
RE site 

ma1F22 

RE fragment 

ha1p-6 ma1F22 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- LG2 LG3 LG4 LG5 

PCR product 

da4-1 RE fragment 

AflII 
RE site 

da5-11 

NotI 
RE site 

ma1p-1 

ma1p-2 

ma1F22 

ma1F22 

PCR product 

NotI 
RE site 

ma1p-3 

Bst EII 
RE site 

ma1F22 

RE fragment 

ha1p-6 ma1F22 
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.. .. .. C-terminal EGF 15 (C-terminal half) .. .. .. .. .. .. .. .. .. .. .. .. ^ LG5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K C E C P Q G Y T .. .. .. .. .. .. .. .. .. .. .. .. L Q G V F P H S C P G P E P .. .. ..

050604-41 sense C T C A T C T C A G A A G A G G A T C T G G A C G A T G A C G A T A A G T G T G A A T G T C C C C A A G G C T A C A C G G G G A C C T C C T G

ma1F35 sense C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-9 sense C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-10 anti-sense G T A A C C A T C T G C A C A T C T C T C A C A C

.. .. .. C-terminal EGF 15 (C-terminal half) .. .. .. .. .. .. .. .. .. .. .. .. ^ LG5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K C E C P Q G Y T .. .. .. .. .. .. .. .. .. .. .. .. L Q G V F P H S C P G P E P .. .. ..

050604-42 sense C T C A T C T C A G A A G A G G A T C T G G A C G A T G A C G A T A A G C C C T G C G A G T G C C A C G G G C A T G C A T C C G A G T G T G A C

ma1F35 sense C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-9 sense C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-10 anti-sense G T A A C C A T C T G C A C A T C T C T C A C A C

.. .. .. partial EGF L4b .. .. .. ^ LG5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K P C F C F G L S Q L C S E L E G Y V R T L I T L A .. .. .. L Q G V F P H S C P G P E P .. .. ..

050604-43 sense C T C A T C T C A G A A G A G G A T C T G G A C G A T G A C G A T A A G C C C T G C T T C T G C T T C G G T C T G T C G C A G C T C T G

ma1F35 sense C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-60 sense G G G C C T T A A G C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-50 anti-sense C T T G C T T C C A G C T T C C T T A A G G A G

.. .. .. L4b .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ^ LG5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K E L E G Y V R T L I T L A .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. L Q G V F P H S C P G P E P .. .. ..

050604-44 sense C T C A T C T C A G A A G A G G A T C T G G A C G A T G A C G A T A A G G A G T T G G A G G G T T A C G T G A G G A C T C T G A T A A C T C

ma1F35 sense C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-60 sense G G G C C T T A A G C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-50 anti-sense C T T G C T T C C A G C T T C C T T A A G G A G

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-

term fragment

6.28.

construct coding sequences of interest in construct

a1rLN-LEb(B)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

orientation oligonucleotide sequence (5'-3')

construct N-

term fragment

6.27.

construct coding sequences of interest in construct

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

orientation oligonucleotide sequence (5'-3')

construct N-

term fragment

6.26.

construct coding sequences of interest in construct

construct N-

term fragment

a1rLN-LEb(A)Nm

BM40 signal peptide c-myc epitope tag EK

usage designation

a1rLN-L4a(C)Nm

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation

6.25.

construct coding sequences of interest in construct

a1rLN-L4a(B)Nm

BM40 signal peptide s
to

p

s
to

p

c-myc epitope tag EK

Table 6. Construction of mouse laminin a chain expression constructs and other      

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

LG2 LG3 LG4 LG5 

BamHI 
RE site 

050604-10 

BamHI 
RE site 

050604-41 

ma1F35 

050604-9 

050604-10 

050604-10 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

LG2 LG3 LG4 LG5 

BamHI 
RE site 

050604-10 

BamHI 
RE site 

050604-42 

ma1F35 

050604-9 

050604-10 

050604-10 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

LG2 LG3 LG4 LG5 

AflII 
RE site 

050604-50 

AflII 
RE site 

050604-43 

ma1F35 

050604-60 

050604-50 

050604-50 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

LG2 LG3 LG4 LG5 

AflII 
RE site 

050604-50 

AflII 
RE site 

050604-44 

ma1F35 

050604-60 

050604-50 

050604-50 
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.. .. .. L4b .. .. .. L4b full EGF repeat .. .. .. ^ LG5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K G L E G Y V R T L I T .. .. .. E A A L L L E P C N C N N H .. .. .. V F P H S C P G P E P .. .. ..

050604-44 sense C T C A T C T C A G A A G A G G A T C T G G A C G A T G A C G A T A A G G A G T T G G A G G G T T A C G T G A G G A C T C T G A T A A C T C

050604-51 anti-sense G A C A T C A C T G T G G T T G T T G C A A T T G C A G G G C T C C A A C A G C A A T G C C G C C T C G C C C T C A G C

050604-48 sense G A G G G C G A G G C G G C A T T G C T G T T G G A G C C C T G C A A T T G C A A C A A C C A C A G T G A T G

050604-50 anti-sense C T T G C T T C C A G C T T C C T T A A G G A G

050604-44 sense C T C A T C T C A G A A G A G G A T C T G G A C G A T G A C G A T A A G G A G T T G G A G G G T T A C G T G A G G A C T C T G A T A A C T C

050604-50 anti-sense C T T G C T T C C A G C T T C C T T A A G G A G

ma1F35 sense C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-60 sense G G G C C T T A A G C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-50 anti-sense C T T G C T T C C A G C T T C C T T A A G G A G

.. .. .. partial EGF prior to L4b partial EGF post L4b .. .. .. ^ LG5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K P C F C F G L S Q L C S L C V C P P G T A G H S C .. .. .. L Q G V F P H S C P G P E P .. .. ..

C T C A T C T C A G A A G A G G A T C T G A C G A T G A C G A T A A G C C C T G C T T C T G C T T C G G T C T G T C G C A G C T C T G C T C A C T C T G T G T C T

G T C C T C C T G G C A C C G C A G

050604-52 anti-sense G C G G T G C C A G G A G G A C A G A C A C A G A G T G A G C A G A G C T G C G A C A G A C C G A A G C A G A A G C A G G G

050604-49 sense C T C T G T G T C T G T C C T C C T G G C A C C G C A G

050604-50 anti-sense C T T G C T T C C A G C T T C C T T A A G G A G

C T C A T C T C A G A A G A G G A T C T G A C G A T G A C G A T A A G C C C T G C T T C T G C T T C G G T C T G T C G C A G C T C T G C T C A C T C T G T G T C T

G T C C T C C T G G C A C C G C A G

050604-50 anti-sense C T T G C T T C C A G C T T C C T T A A G G A G

ma1F35 sense C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-60 sense G G G C C T T A A G C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-50 anti-sense C T T G C T T C C A G C T T C C T T A A G G A G

.. .. .. partial EGF post L4b .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ^ LG5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A E Q K L I S E E D L D D D D K L C V C P P G T A G H S C .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. L Q G V F P H S C P G P E P .. .. ..

050604-66 sense C T C A T C T C A G A A G A G G A T C T G G A C G A T G A C G A T A A G C T C T G T G T C T G T C C T C C T G G C A C C G C A G

ma1F35 sense C T T T G C C T G G C C G G G A G G G C T C T G G C A G A A C A A A A A C T C A T C T C A G A A G A G G A T C T G G A C

050604-60 sense G G G C C T T A A G C C G C G G A T C C G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G

050604-50 anti-sense C T T G C T T C C A G C T T C C T T A A G G A G

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-

term fragment

construct coding sequences of interest in construct

a1rLN-L4b(B)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

construct C-

term fragment

sew PCR 

fragments

050604-57 sense

extend PCR 

fragment

6.31.

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-

term fragment

050604-57 sense

a1rLN-L4b(A)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

construct C-

term fragment

sew PCR 

fragments

extend PCR 

fragment

6.30.

construct coding sequences of interest in construct

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-

term fragment

6.29.

construct coding sequences of interest in construct

a1rLN-LEb(C)Nm

BM40 signal peptide c-myc epitope tag EK s
to

p

s
to

p

Table 6. Construction of mouse laminin a chain expression constructs and other      

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

LG2 LG3 LG4 LG5 

AflII 
RE site 

050604-50 

AflII 
RE site 

050604-44 

ma1F35 

050604-60 

050604-50 

050604-50 

050604-51 050604-44 

050604-50 050604-48 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

LG2 LG3 LG4 LG5 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

LG2 LG3 LG4 LG5 

AflII 
RE site 

050604-50 

AflII 
RE site 

050604-66 

ma1F35 

050604-60 

050604-50 

050604-50 

AflII 
RE site 

AflII 
RE site 

050604-57 

ma1F35 

050604-60 

050604-52 050604-57 

050604-49 050604-50 

050604-50 

050604-50 

050604-50 
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.. .. .. mouse a1 domain LN _ .. .. .. .. .. .. .. .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A D Y K D D D D K Q Q R G L F P A I L N L A T N A H I S .. .. .. .. .. .. .. .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F39 C T T T G C C T G G C C G G G A G G G C T C T G G C A G A C T A C A A G G A C G A C G A T G A C A A G C A G C A G A G A G G C T T G T T C C C T G C

ma1F30 C C G C G G C T A G G C G G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G G

ma1F22 G A C A T A T T G G T C A C C T G A C T A A T G

ma1F20 A G G A A G G C G T T C A T G A C T G T T G A C

ma1F25 G G C A G A G G C G C G G C C G C T A T T A G G G C T C A G G C C C G G G G C A G G A A T

.. .. .. mouse a1 domain LN _ .. .. .. .. ^ LG 5 .. .. ..

.. .. .. M R A W I F F L L C L A G R A L A A P L A D Y K D D D D K L A Q Q R G L F P A I L N L A T N A H I S .. .. .. .. S R A F D L Q G V F P H S C P G P E P .. .. ..

ma1F85 C G A T G A C A A G C T A G C G C A G C A G A G A G G C T T G T T C C C T G

ma1F22 G A C A T A T T G G T C A C C T G A C T A A T G

construct N-term 

fragment

sense

anti-sense

BM40 signal peptide FLAG tag + EK s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

anti-sense

coding sequences of interest in construct

a1(A)Nf

BM40 signal peptide FLAG tag + EK s
to

p

s
to

p

6.33.

construct coding sequences of interest in construct

a1(B)Nf

construct C-term 

fragment

sense

anti-sense

6.32.

construct

Table 6. Construction of mouse laminin a chain expression constructs and other      

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 

PCR product 

NotI 
RE site 

ma1F39 

ma1F30 

Bst EII 
RE site 

PCR 
product 

BspHI 
RE site 

ma1F20 

NotI 
RE site 

ma1F22 

ma1F22 

ma1F25 

LG2 LG3 LG4 LG5 

- C  LN LEa LEb L4b L4a LEc coiled-coil LG1 N- 

RE fragment 1 

PCR product 

NheI 
RE site 

ma1F85 

Bst EII 
RE site 

ma1F22 

LG2 LG3 LG4 LG5 

AflII  
RE site 

RE fragment 2 

SacII 
RE site 
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Table 7 .  Individual recombinant laminin chain constructs.

1 b1WT b1  WT with no tag no tag zeocin

2 b1WTNh b1 WT N-terminal HA zeocin

3 b1rLNNh b1  with deletion of the LN domain N-terminal HA zeocin

4 b1rLN-LEaNh b1 with deletion of LN-LEa N-terminal HA zeocin

5 b1WTNv b1 WT N-terminal VSV-G zeocin

6 b1rLNNv b1  with deletion of the LN domain N-terminal VSV-G zeocin

7 b1rLN-LEaNv b1 with deletion of LN-LEa N-terminal VSV-G zeocin

8 b1WT-Igk b1 WT with IgK signal sequence no tag zeocin

9 b1WTNh-Igk b1 WT with IgK signal sequence N-terminal HA zeocin

10 b1WTNv-Igk b1 WT with IgK signal sequence N-terminal VSV-G zeocin

human b1 laminin based constructs

construct designation description epitope tag
selectable 

marker

- b1 based constructs 
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Table 8 . Construction of human laminin  b  chain expression constructs

                             and other assorted information                 

.. .. human b1 domain LN _ .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M R A W I F F L L C L A G R A L A Q E P E F S Y G C A E G S C Y P A T G D L .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. G E V R S L L K D I S Q K V A V Y S T C L .. .. ..

hb1-20 C T T T G C C T G G C C G G G A G G G C T C T G G C A C A G G A A C C C G A G T T C A G C T A C G G C T G
hb1-2 C G C G G C T A G C C C G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G
hb1-re1 G A A A G T C A T T A T G A G A T G A G T A A A A T G

hb1-re4 G C T T C T G A G G A A A C C T T G T T C A A C

hb1-10 G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

.. .. human b1 domain LN _ .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M R A W I F F L L C L A G R A L A Y P Y D V P D Y A D D D D K Q E P E F S Y G C A E G S C Y P A T G D L .. .. .. G E V R S L L K D I S Q K V A V Y S T C L .. .. ..

hb1-1 C G C G A C G A C G A T G A C A A G C A G G A A C C C G A G T T C A G C T A C G G C T G

hb1-2 C G C T A C C C A T A C G A C G T C C C A G A C T A C G C T G A C G A C G A T G A C A A G C A G G A A C C C G

hb1-3 C G C C T T T G C C T G G C C G G G A G G G C T C T G G C A T A C C C A T A C G A C G T C C C A G A C T A C

hb1-4 C G C G G C T A G C C C G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G

hb1-re1 G A A A G T C A T T A T G A G A T G A G T A A A A T G

hb1-re4 G C T T C T G A G G A A A C C T T G T T C A A C

hb1-10 G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

.. .. human b1 domain LEa _ .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M R A W I F F L L C L A G R A L A Y P Y D V P D Y A D D D D K G N C F C Y G H A S E C A P V D G F N E E .. .. .. G E V R S L L K D I S Q K V A V Y S T C L .. .. ..

hb1-23 G A C G A C G A T G A C A A G G G A A A T T G C T T C T G C T A T G G T C A T G

hb1-25 T A C C C A T A C G A C G T C C C A G A C T A C G C T G A C G A C G A T G A C A A G G G A A A T T G C

hb1-3 C G C C T T T G C C T G G C C G G G A G G G C T C T G G C A T A C C C A T A C G A C G T C C C A G A C T A C

hb1-4 C G C G G C T A G C C C G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G

hb1-re5 C C A G G T T C C A C T T C G T T G C A C T G A C

hb1-re4 G C T T C T G A G G A A A C C T T G T T C A A C

hb1-10 G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

.. .. human b1 domain LF _ .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M R A W I F F L L C L A G R A L A Y P Y D V P D Y A D D D D K V E P G Y Y F A T L D H Y L Y E A E E A N .. .. .. G E V R S L L K D I S Q K V A V Y S T C L .. .. ..

hb1-28 G A C G A C G A T G A C A A G G T G G A A C C T G G T T A C T A C T T T G C C A C

hb1-30 T A C C C A T A C G A C G T C C C A G A C T A C G C T G A C G A C G A T G A C A A G G T G G A A C C T G

hb1-3 C G C C T T T G C C T G G C C G G G A G G G C T C T G G C A T A C C C A T A C G A C G T C C C A G A C T A C

hb1-4 C G C G G C T A G C C C G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G

hb1-re7 G G T T T C C C A G G C A C T G T T G G T G A C

hb1-re4 G C T T C T G A G G A A A C C T T G T T C A A C

hb1-10 G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

8.1.

construct coding sequences of interest in construct

b1WT
BM40 signal peptide s

to
p

8.2.

construct coding sequences of interest in construct

construct C-term 

fragment

construct N-term 

fragment

sense

sense

anti-sense

sense

anti-sense

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

b1WTNh

BM40 signal peptide HA epitope tag EK s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

anti-sense

construct C-term 

fragment

sense

anti-sense

construct coding sequences of interest in construct

construct N-term 

fragment

sense

sense

sense

sense

8.3.

s
to

p

usage designation orientation oligonucleotide sequence (5'-3')

forward/sense  and reverse/anti-sense oligonucleotide primers

b1rLNNh

BM40 signal peptide HA epitope tag EK

construct N-term 

fragment

sense

sense

sense

sense

anti-sense

sense

anti-sense

construct coding sequences of interest in construct

8.4.

construct C-term 

fragment

anti-sense

construct C-term 

fragment

sense

anti-sense

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

sense

b1rLN-LEaNh

BM40 signal peptide HA epitope tag EK s
to

p

- C  N- 

RE fragment 

PCR 
product NheI 

RE site 

hb1-20 

hb1-2 

EcoRI 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re1 

hb1-re1 

hb1-10 

- C  N- 

RE fragment 

PCR product 

NheI 
RE site 

hb1-1 

hb1-2 

hb1-3 

hb1-4 

EcoRI 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re1 

hb1-re1 

hb1-re1 

hb1-re1 

hb1-10 

- C  N- 

RE fragment 

PCR product 
NheI 

RE site 

hb1-23 

hb1-25 

hb1-3 

hb1-4 

AatII 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re5 

hb1-re5 

hb1-re5 

hb1-re5 

hb1-10 

- C  N- 

RE fragment 

PCR product 
NheI 

RE site 

hb1-28 

hb1-30 

hb1-3 

hb1-4 

BstEII 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re7 

hb1-re7 

hb1-re7 

hb1-re7 

hb1-10 
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Table 8 . Construction of human laminin  b  chain expression constructs

                             and other assorted information                 

.. .. human b1 domain LN _ .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M R A W I F F L L C L A G R A L A Y T D I G M N R L G K D D D D K Q E P E F S Y G C A E G S C Y P A T G D L .. .. .. V R S L L K D I S Q K V A V Y S T C L .. .. ..

hb1-1 C G C G A C G A C G A T G A C A A G C A G G A A C C C G A G T T C A G C T A C G G C T G

hb1-5 T A C A C T G A T A T C G A A A T G A A C C G C C T G G G T A A G G A C G A C G A T G A C A A G C A G G A A C C C G
hb1-6 C T T T G C C T G G C C G G G A G G G C T C T G G C A T A C A C T G A T A T C G A A A T G A A C C G C
hb1-4 C G C G G C T A G C C C G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G

hb1-re1 G A A A G T C A T T A T G A G A T G A G T A A A A T G

hb1-re4 G C T T C T G A G G A A A C C T T G T T C A A C

hb1-10 G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

.. .. human b1 domain LEa _ .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M R A W I F F L L C L A G R A L A Y T D I G M N R L G K D D D D K G N C F C Y G H A S E C A P V D G F N E E .. .. .. V R S L L K D I S Q K V A V Y S T C L .. .. ..

hb1-50 G A C G A C G A T G A C A A G G G A A A T T G C T T C T G C T A T G G T C A T G C C A G

hb1-51 T A C C C A T A C G A C G T C C C A G A C T A C G C T G A C G A C G A T G A C A A G G G A A A T T G

hb1-3 C G C C T T T G C C T G G C C G G G A G G G C T C T G G C A T A C C C A T A C G A C G T C C C A G A C T A C

hb1-4 C G C G G C T A G C C C G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G

hb1-re5 C C A G G T T C C A C T T C G T T G C A C T G A C

hb1-re4 G C T T C T G A G G A A A C C T T G T T C A A C

hb1-10 G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

.. .. human b1 domain LF _ .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M R A W I F F L L C L A G R A L A Y T D I G M N R L G K D D D D K V E P G Y Y F A T L D H Y L Y E A E E A N .. .. .. V R S L L K D I S Q K V A V Y S T C L .. .. ..

hb1-60 G A C G A C G A T G A C A A G G T G G A A C C T G G T T A C T A C T T T G C C A C C C T G

hb1-61 T A C C C A T A C G A C G T C C C A G A C T A C G C T G A C G A C G A T G A C A A G G T G G A A C

hb1-3 C G C C T T T G C C T G G C C G G G A G G G C T C T G G C A T A C C C A T A C G A C G T C C C A G A C T A C

hb1-4 C G C G G C T A G C C C G C C G C C A C C A T G A G G G C C T G G A T C T T C T T T C T C C T T T G C C T G G C C G G G A G G G C T C T G

hb1-re7 G G T T T C C C A G G C A C T G T T G G T G A C

hb1-re4 G C T T C T G A G G A A A C C T T G T T C A A C

hb1-10 G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

.. .. human b1 domain LN _ .. .. .. .. .. .. .. .. .. .. .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M E T D T L L L W V L L L W V P G S T G D Q E P E F S Y G C A E G S C Y P A T G D L .. .. .. .. .. .. .. .. .. .. .. .. .. G E V R S L L K D I S Q K V A V Y S T C L .. .. ..

hb1-21 sense C T G C T C T G G G T T C C A G G T T C C A C T G G T G A C C A G G A A C C C G A G T T C A G C T A C G G C T G
hb1-8 sense C G C G G C T A G C C C G C C G C C A C C A T G G A G A C A G A C A C A C T C C T G C T A T G G G T A C T G C T G C T C T G G G T T C C A G G T T C C A C T G

hb1-re1 anti-sense G A A A G T C A T T A T G A G A T G A G T A A A A T G
hb1-re4 sense G C T T C T G A G G A A A C C T T G T T C A A C
hb1-10 anti-sense G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

construct N-term 

fragment

construct C-term 

fragment

b1WT-Igk
Igk signal peptide

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct C-term 

fragment

sense

anti-sense

8.8.

construct coding sequences of interest in construct

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

sense

anti-sense

b1rLN-LEaNh

BM40 signal peptide VSV-G epitope tag EK s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

construct C-term 

fragment

sense

anti-sense

8.7.

construct coding sequences of interest in construct

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

sense

anti-sense

b1rLNNh

BM40 signal peptide VSV-G epitope tag EK s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

construct C-term 

fragment

sense

anti-sense

8.6.

construct coding sequences of interest in construct

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

sense

sense

anti-sense

b1WTNv

BM40 signal peptide VSV-G epitope tag EK s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

8.5.

construct coding sequences of interest in construct

- C  N- 

RE fragment 

PCR product 

NheI 
RE site 

hb1-1 

hb1-5 

hb1-6 

hb1-4 

EcoRI 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re1 

hb1-re1 

hb1-re1 

hb1-re1 

hb1-10 

- C  N- 

RE fragment 

PCR product 
NheI 

RE site 

hb1-50 

hb1-51 

hb1-3 

hb1-4 

AatII 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re5 

hb1-re5 

hb1-re5 

hb1-re5 

hb1-10 

- C  N- 

RE fragment 

PCR product 
NheI 

RE site 

hb1-60 

hb1-61 

hb1-3 

hb1-4 

BstEII 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re7 

hb1-re7 

hb1-re7 

hb1-re7 

hb1-10 

- C  N- 

RE fragment 

PCR 
product NheI 

RE site 

hb1-21 

hb1-8 

EcoRI 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re1 

hb1-re1 

hb1-10 
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Table 8 . Construction of human laminin  b  chain expression constructs

                             and other assorted information                 

.. .. human b1 domain LN _ .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M E T D T L L L W V L L L W V P G S T G D Y P Y D V P D Y A D D D D K Q E P E F S Y G C A E G S C Y P A T G D L .. .. .. S L L K D I S Q K V A V Y S T C L .. .. ..

hb1-1 sense C G C G A C G A C G A T G A C A A G C A G G A A C C C G A G T T C A G C T A C G G C T G

hb1-2 sense C G C T A C C C A T A C G A C G T C C C A G A C T A C G C T G A C G A C G A T G A C A A G C A G G A A C C C G

hb1-7 sense C T G C T C T G G G T T C C A G G T T C C A C T G G T G A C T A C C C A T A C G A C G T C C C A G A C T A C

hb1-8 sense C G C G G C T A G C C C G C C G C C A C C A T G G A G A C A G A C A C A C T C C T G C T A T G G G T A C T G C T G C T C T G G G T T C C A G G T T C C A C T G

hb1-re1 anti-sense G A A A G T C A T T A T G A G A T G A G T A A A A T G

hb1-re4 sense G C T T C T G A G G A A A C C T T G T T C A A C

hb1-10 anti-sense G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

.. .. human b1 domain LN _ .. .. .. ^ hb1 coiled-coil .. .. ..

.. .. M E T D T L L L W V L L L W V P G S T G D Y T D I G M N R L G K D D D D K Q E P E F S Y G C A E G S C Y P A T G D L .. .. .. L K D I S Q K V A V Y S T C L .. .. ..

hb1-1 sense C G C G A C G A C G A T G A C A A G C A G G A A C C C G A G T T C A G C T A C G G C T G

hb1-5 sense C T A C A C T G A T A T C G A A A T G A A C C G C C T G G G T A A G G A C G A C G A T G A C A A G C A G G A A C C C G

hb1-9 sense C T G C T C T G G G T T C C A G G T T C C A C T G G T G A C T A C A C T G A T A T C G A A A T G A A C C G C

hb1-8 sense C G C G G C T A G C C C G C C G C C A C C A T G G A G A C A G A C A C A C T C C T G C T A T G G G T A C T G C T G C T C T G G G T T C C A G G T T C C A C T G

hb1-re1 anti-sense G A A A G T C A T T A T G A G A T G A G T A A A A T G

hb1-re4 sense G C T T C T G A G G A A A C C T T G T T C A A C

hb1-10 anti-sense G C G G G G T A C C T G T T A C A A G C A T G T G C T A T A C A C A G

construct C-term 

fragment

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

construct C-term 

fragment

8.10.

construct coding sequences of interest in construct

b1WTNv-Igk Igk signal peptide VSV-G epitope tag EK s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

8.9.

construct coding sequences of interest in construct

b1WTNh-Igk Igk signal peptide HA epitope tag EK s
to

p

- C  N- 

RE fragment 

PCR product 

NheI 
RE site 

hb1-1 

hb1-2 

hb1-7 

hb1-8 

EcoRI 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re1 

hb1-re1 

hb1-re1 

hb1-re1 

hb1-10 

- C  N- 

RE fragment 

PCR product 

NheI 
RE site 

hb1-1 

hb1-5 

hb1-9 

hb1-8 

EcoRI 
RE site 

PCR 
product 

MluI 
RE site 

hb1-re4 

KpnI 
RE site 

hb1-re1 

hb1-re1 

hb1-re1 

hb1-re1 

hb1-10 
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Table 9 .  Individual recombinant laminin chain constructs.

1 g1WTCf g1 WT with C-terminal FLAG tag C-terminal FLAG G418

2 g1WT g1 WT with no tag no tag G418

3 g1rLNCf g1 with deletion of the LN domain C-terminal FLAG G418

4 g1rLN-LEaCf g1 with deletion of the LN-LEa domain C-terminal FLAG G418

human g1 laminin based constructs

construct designation description epitope tag
selectable 

marker

- g1 based constructs 
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Table 10 . Construction of human laminin  g  chain expression constructs

                             and other assorted information                  

.. .. hg1 domain LN _ .. .. .. .. .. .. .. .. .. .. .. .. .. .. ^ coiled-coil .. ..

.. .. M R G S H R A A P A L R P R G R L W P V L A V L A A A A A A G C A Q A A M D E C T D E G G .. .. .. .. .. .. .. .. .. .. .. .. .. .. F N T P S I E K P D Y K D D D D K .. ..

.. .. hg1 domain LN _ .. .. .. .. .. .. .. .. .. .. .. .. .. .. ^ coiled-coil .. .. .. .. .. .. .. .. .. ..

.. .. M R G S H R A A P A L R P R G R L W P V L A V L A A A A A A G C A Q A A M D E C T D E G G .. .. .. .. .. .. .. .. .. .. .. .. .. .. F N T P S I E K P .. .. .. .. .. .. .. .. .. ..

.. .. human g1 domain LEa _ .. .. .. .. ^ coiled-coil .. .. ..

.. .. M R G S H R A A P A L R P R G R L W P V L A V L A A A A A A G C A Q A A G R C K C N G H A S E C M K .. .. .. .. L P S G C F N T P S I E K P D Y K D D D D K .. .. ..

gg1 G C C C A G G C A G C C G G C A G A T G T A A A T G T A A T G G A C A C G

gg3 G C T G G C C G T G C T G G C G G C G G C C G C C G C G G C G G G C T G T G C C C A G G C A G C C G G C A G A T G T A A A T G

gg6 C T C C A A A G T A G C C A T C A T C A C A G A G

.. .. human g1 domain L4 _ .. .. .. .. ^ coiled-coil .. .. ..

.. .. M R G S H R A A P A L R P R G R L W P V L A V L A A A A A A G C A Q A A G Y S V Y S I S S T F Q I D .. .. .. .. L P S G C F N T P S I E K P D Y K D D D D K .. .. ..

gg9 G G C T G T G C C C A G G C A G C C G G C T A C A G T G T T T A T T C T A T C T C C T C T A C

gg4 G C T G G C C G T G C T G G C G G C G G C C G C C G C G G C G G G C T G T G C C C A G G C A G C C G G C T A C A G T G

gg5 C A C T T G G A T A G G A A T T G C C C T G A G C

construct  2nd N-

term fragment

coding sequences of interest in construct

[see reference 296]

[see reference 296]

FLAG tag + EK s
to

p

s
to

p

human g1 signal peptide FLAG tag s
to

p

coding sequences of interest in construct

g1WT
human g1 signal peptide

s
to

p

s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

human g1 signal peptide FLAG tag s
to

p

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

anti-sense

construct coding sequences of interest in construct

forward/sense  and reverse/anti-sense oligonucleotide primers

usage designation orientation oligonucleotide sequence (5'-3')

construct N-term 

fragment

sense

sense

anti-sense

coding sequences of interest in construct

g1WTCf
human g1 signal peptide

forward/sense  and reverse/anti-sense oligonucleotide primers

construct  2nd N-

term fragment

usage designation orientation oligonucleotide sequence (5'-3')

construct  1st N-

term fragment

10.1.

10.2.

10.3.

10.4.

construct

g1rLN-LEaCf

construct

sew N-term fragment

g1rLNCf

construct

sew N-term fragment

construct  1st N-

term fragment

 - C N- 

RE fragment 

PCR 
product 

PCR 
product 

hb1-re1 

hb1-re1 

- C  N- 

RE fragment 

PCR product 

PCR 
product 

 N- 

RE fragment 

PCR product 

- C 

NotI 
RE site 

NotI 
RE site 

gg1 

gg3 

ApaLI 
RE site 

gg6 

gg6 

 N- 

RE fragment 

PCR product 

- C 

NotI 
RE site 

NotI 
RE site 

gg9 

AflII 
RE site 

gg5 

gg5 gg4 
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chain construct composition

a (mouse) b (human) g (human)

1 Lm-1110/0/0 a1WT b1WT g1WT

2 Lm-111Nm/Nh/Cf a1WTNm b1WTNh g1WTCf formerly WTb

3 Lm-111Nm3/Nh/Cf a1WTNm3 b1WTNh g1WTCf

4 Lm-111Nf/Nh/Cf a1WTNf b1WTNh g1WTCf

5 Lm-111Nv/Nh/Cf a1WTNv b1WTNh g1WTCf

6 Lm-111Nh/Nh/Cf a1WTNh b1WTNh g1WTCf

7 Lm-111Nc/Nh/Cf a1WTNc b1WTNh g1WTCf

8 Lm-111Cf/Nh/Cf a1WTCf b1WTNh g1WTCf

9 Lm-111Nm/Nh/0 a1WTNm b1WTNh g1WT formerly WTa

10 Lm-111Nm3/Nh/0 a1WTNm3 b1WTNh g1WT

11 Lm-111Nf/Nh/0 a1WTNf b1WTNh g1WT

12 Lm-111Nv/Nh/0 a1WTNv b1WTNh g1WT

13 Lm-111Nh/Nh/0 a1WTNh b1WTNh g1WT

14 Lm-111Nc/Nh/0 a1WTNc b1WTNh g1WT

15 Lm-111Cf/Nh/0 a1WTCf b1WTNh g1WT

16 Lm-111arLNNm/Nh/Cf a1rLNNm b1WTNh g1WTCf

17 Lm-111arLN-LEaNm/Nh/Cf a1rLN-LEa(A)Nm b1WTNh g1WTCf

18 Lm-111arLN-LEa(B)Nm/Nh/Cf a1rLN-LEa(B)Nm b1WTNh g1WTCf

19 Lm-111arLN-LEa(C)Nm/Nh/Cf a1rLN-LEa(C)Nm b1WTNh g1WTCf

20 Lm-111arLN-L4b(C)Nm/Nh/Cf a1rLN-L4b(C)Nm b1WTNh g1WTCf

21 Lm-111arLG1-5 (A)Nm/Nh/Cf a1rLG1-5 (A)Nm b1WTNh g1WTCf

22 Lm-111arLG1-5(B)Nm/Nh/Cf a1rLG1-5(B)Nm b1WTNh g1WTCf

23 Lm-111arLG1-3Nm/Nh/Cf a1rLG1-3Nm b1WTNh g1WTCf

24 Lm-111arLG4-5Nm/Nh/Cf a1rLG4-5Nm b1WTNh g1WTCf

25 Lm-111arLG1-5(A)Cf/Nh/Cf a1rLG1-5(A)Cf b1WTNh g1WTCf

26 Lm-111arLN-L4a(A)Nm/Nh/Cf a1rLN-L4a(A)Nm b1WTNh g1WTCf

27 Lm-111arLN-L4a(B)Nm/Nh/Cf a1rLN-L4a(B)Nm b1WTNh g1WTCf

28 Lm-111arLN-L4a(C)Nm/Nh/Cf a1rLN-L4a(C)Nm b1WTNh g1WTCf

29 Lm-111arLN-LEb(A)Nm/Nh/Cf a1rLN-LEb(A)Nm b1WTNh g1WTCf

30 Lm-111arLN-LEb(B)Nm/Nh/Cf a1rLN-LEb(B)Nm b1WTNh g1WTCf

31 Lm-111arLN-LEb(C)Nm/Nh/Cf a1rLN-LEb(C)Nm b1WTNh g1WTCf

32 Lm-111arLN-L4b(A)Nm/Nh/Cf a1rLN-L4b(A)Nm b1WTNh g1WTCf

33 Lm-111arLN-L4b(B)Nm/Nh/Cf a1rLN-L4b(B)Nm b1WTNh g1WTCf

34 Lm-111arLNNm/Nh/0 a1rLNNm b1WTNh g1WT

35 Lm-111arLN-LEaNm/Nh/0 a1rLN-LEa(A)Nm b1WTNh g1WT

36 Lm-111arLN-LEa(B)Nm/Nh/0 a1rLN-LEa(B)Nm b1WTNh g1WT

37 Lm-111arLN-LEa(C)Nm/Nh/0 a1rLN-LEa(C)Nm b1WTNh g1WT

38 Lm-111arLN-L4b(C)Nm/Nh/0 a1rLN-L4b(C)Nm b1WTNh g1WT

39 Lm-111arLG1-5 (A)Nm/Nh/0 a1rLG1-5 (A)Nm b1WTNh g1WT

40 Lm-111arLG1-5(B)Nm/Nh/0 a1rLG1-5(B)Nm b1WTNh g1WT

41 Lm-111arLG1-3Nm/Nh/0 a1rLG1-3Nm b1WTNh g1WT

42 Lm-111arLG4-5Nm/Nh/0 a1rLG4-5Nm b1WTNh g1WT

43 Lm-111a/RKR2721Nm/Nh/Cf a1/RKR2721Nm b1WTNh g1WTCf formerly A'

44 Lm-111a/KRK2793Nm/Nh/Cf a1/KRK2793Nm b1WTNh g1WTCf formerly G'

45 Lm-111a/RAR2833Nm/Nh/Cf a1/RAR2833Nm b1WTNh g1WTCf formerly I

46 Lm-111a/RKR2721Nm/Nh/0 a1/RKR2721Nm b1WTNh g1WT

47 Lm-111a/KRK2793Nm/Nh/0 a1/KRK2793Nm b1WTNh g1WT

48 Lm-111a/RAR2833Nm/Nh/0 a1/RAR2833Nm b1WTNh g1WT

8 Lm-111Cf/Nh/Cf a1WTCf b1WTNh g1WTCf Q

15 Lm-111Cf/Nh/0 a1WTCf b1WTNh g1WT

49 Lm-111Cf/0/Cf a1WTCf b1WT g1WTCf

50 Lm-111Cf/0/0 a1WTCf b1WT g1WT

The designation format of Lm-111”N” “X”/”Y”/”Z”  is utilized to refer to the heterotrimeric Lm-111s; where

“N” denotes any alteration to the native sequence of the chain, “X” denotes the a chain tag, "Y" denotes the b

chain tag, and “Z” denotes the g chain tag.

Q  and no color fill of the row = denotes a combination already described in the table but shown again in order to provide a reference

Table 11.   Recombinant heterotrimeric  laminin - construct composition

recombinant 

heterotrimeric laminin 

designation

additional comments
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chain construct composition

a b g

1 Lm-1110/0/0 a1WT b1WT g1WT Q

51 Lm-1110/Nh/0 a1WT b1WTNh g1WT

52 Lm-111brLN0/Nh/0 a1WT b1rLNNh g1WT

53 Lm-111brLN-LEa0/Nh/0 a1WT b1rLN-LEaNh g1WT

54 Lm-1110/Nh/Cf a1WT b1WTNh g1WTCf

55 Lm-111brLN0/Nh/Cf a1WT b1rLNNh g1WTCf

56 Lm-111brLN-LEa0/Nh/Cf a1WT b1rLN-LEaNh g1WTCf

57 Lm-1110/Nv/0 a1WT b1WTNv g1WT

58 Lm-111brLN0/Nv/0 a1WT b1rLNNv g1WT

59 Lm-111brLN-LEa0/Nv/0 a1WT b1rLN-LEaNv g1WT

60 Lm-1110/Nv/Cf a1WT b1WTNv g1WTCf

61 Lm-111brLN0/Nv/Cf a1WT b1rLNNv g1WTCf

62 Lm-111brLN-LEa0/Nv/Cf a1WT b1rLN-LEaNv g1WTCf

63 Lm-111b-Igk0/0/0 a1WT b1WT-Igk g1WTCf

64 Lm-111b-Igk0/Nh/0 a1WT b1WTNh-Igk g1WTCf

65 Lm-111b-Igk0/Nv/0 a1WT b1WTNv-Igk g1WTCf

2 Lm-111Nm/Nh/Cf a1WTNm b1WTNh g1WTCf Q

66 Lm-111brLNNm/Nh/Cf a1WTNm b1rLNNh g1WTCf

67 Lm-111brLN-LEaNm/Nh/Cf a1WTNm b1rLN-LEaNh g1WTCf

9 Lm-111Nm/Nh/0 a1WTNm b1WTNh g1WT Q

68 Lm-111brLNNm/Nh/0 a1WTNm b1rLNNh g1WT

69 Lm-111brLN-LEaNm/Nh/0 a1WTNm b1rLN-LEaNh g1WT

2 Lm-111Nm/Nh/Cf a1WTNm b1WTNh g1WTCf Q

70 Lm-111grLNNm/Nh/Cf a1WTNm b1WTNh g1rLNCf

71 Lm-111grLN-LEaNm/Nh/Cf a1WTNm b1WTNh g1rLN-LEaCf

72 Lm-111Nm/Nh/Cf-A a1WTNm b1WTNh g1WTCf Lm-111Nm/Nh/Cf treated with AEBSF

73 Lm-111Nm/Nh/0-A a1WTNm b1WTNh g1WT Lm-111Nm/Nh/0 treated with AEBSF

The designation format of Lm-111”N” “X”/”Y”/”Z”  is utilized to refer to the heterotrimeric Lm-111s; where

“N” denotes any alteration to the native sequence of the chain, “X” denotes the a chain tag, "Y" denotes the b

chain tag, and “Z” denotes the g chain tag.

Q  and no color fill of the row = denotes a combination already described in the table but shown again in order to provide a reference

Table 11.   Recombinant heterotrimeric  laminin - construct composition (continued)

recombinant 

heterotrimeric laminin 
additional comments
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former Heparin aDG sulfatide

symbol (M) NaCl (nM) (nM)

1 a1LG4-5/WT none; WT WT 0.252 34 +/- 3.4 93 +/- 6.7 2.16 +/- .29

2 a1LG4-5/RKR2721 RKR2721 to AKA A 0.154 387 +/- 357 38 +/- 6.5 2.28 +/- .08

3 a1LG4-5/RKR2721 RKR2721 to AAA A2 0.137 93 +/- 15 382 +/- 53 1.8 +/- .09

4 a1LG4-5/KGRTK2770 KGRTK2770 to AGATA D 0.199 145 +/- 164 1627 +/- 147 1.14 +/- .13

5 a1LG4-5/KRK2793 KRK2793 to AAA G 0.150 81 +/- 18 382 +/- 43 1.74 +/- .24

6 a1LG4-5/RAR2833 RAR2833 to AAA I 0.216 257 +/- 33 6729 +/- 2377 0.26 +/- .03

7 a1LG4-5/KDR2860 KDR2860 to ADA J 0.234 315 +/- 35 512 +/- 28 1.67 +/- .15

8 a1LG4-5/RKR2721+KRK2793 RKR2721+KRK2793 to AAA + AAA A2 + G 0.080 60 +/- 20 62 +/- 6.8 2.45 +/- .31

construct designation mutations
sulfatide 

bound (A492)

Table 12.  Summary of recombinant mouse a1 LG4-5 binding data.   

The construct designation and mutations of the mouse a1 LG4-5 sequence they represent are 
listed, as well as the former symbol utilized to reference them in Harrison, et al., 2007 [325].   
Heparin  binding is expressed as the molar NaCl concentration required for elution of the 

recombinant a1LG4-5 protein from a heparin affinity column.  Both the aDG and sulfatide 
binding is expressed as the apparent dissociation constant +/- standard error obtained from a 
single-site binding curve fit of the experimental data. 
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Appendix 

Section I.  NCBI’s GEO EST expression data. 

EST results from gene chip arrays which were submitted to NCBI, were tabulated.   The 

actual numbers of transcripts and relative numbers from NCBI's GEO EST expression 

repository utilized to generate figures 4-6 are listed both as a number and a graphical 

representation (oval) whose shading intensity is directly proportional to the number of 

transcripts in each tissue source (appendix figure 1).  

 

Section II.  Rotary Shadow EM of recombinant heterotrimeric Lm-111s. 

Rotary shadow EM was performed by Dr. Peter Yurchenco.  Appendix Figure 2 depicts 

several of the recombinant heterotrimeric Lm-111s constructed, expressed, and purified.  

A higher magnification image can be seen in Appendix Figure 3.    

 

Section III. Recombinant heterotrimeric Lm-111 polymerization assays. 

Appendix Figure 4 depicts representative SDS-PAGE gels of polymerization assays of 

several of the recombinant Lm-111s, which were digitized and relative yields/intensities 

plotted in Appendix Figure 5.   

 

Section IV. Laminin accumulation on the surface of cultured Schwann cells. 

Schwann cells cultured from rat sciatic nerve, lose their ability to express 1 chain 

containing laminins; i.e. there is no detectable Lm-111 or Lm-211 secreted into the 

media or associated with the SC surface.  Cell lysates and immunohistochemical 

staining of both sciatic nerve and cultured SC demonstrate continued expression of 

sulfatide, 1 integrin, dystroglycan, nidogen-1, and type IV collagen by the SCs.  

Cultured SCs continue to secrete nidogen-1 and type IV collagen, however, it is not 
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retained on the cell surface of the SCs unless exogeneous laminin (Lm-111 or Lm-211) 

is supplied.  In which case, the exogeneously supplied laminin will accumulate along 

with the endogeneous nidogen-1, type IV collagen, and membrane bound DG, migrate, 

and condense in a BM pattern on the surface of the SCs (appendix figure 10) [71, 469].  

The addition of exogeneous Lm-111 results in an increased expression of DG on the 

cell surface, furthermore, without the addition of exogeneous Lm-111, the DG will 

remain in a dispersed punctate pattern and not condense.  Sulfatide, perlecan, 

syndecan-1, syndecan-3, and 1 integrin are also present on the cell surface in the 

abscence of exogeneous Lm-111 (appendix figures 11 and 12).  The sulfatide signal 

remains dispersed and punctate, however, it will co-localize and condense with 

exogeneous Lm-111.  In the abscence of exogeneous laminin, most of the perlecan is 

found on the basal side of the cell, however, some will begin to co-localize on the apical 

side of the cell with exogeneous laminin.  Despite the presence of both syndecan-1 and 

syndecan-3 prior to the addition of laminin, neither will co-localize with the exogeneous 

laminin signal.  Furthermore, 1 integrin is expressed in cultured SCs, however, it is 

sequestered to the basal side of the Schwann cells and does not colocalize with 

exogeneous laminin which binds predominately on the apical side.      

 Experiments with Schwann cells were performed with Schwann cells either at a very 

low density or near confluency depending on what experiment was being conducted.  

Sparsely plated Schwann cells were very efficient binders of exogeneous Lm-111, 

however, their active growth state resulted in high basal Src phosphorylation levels.  

Furthermore, they were difficult to use for scoring and comparing mutant recombinant 

Lm accumulation levels with since the Lm which bound quickly condense and began to 

clear,skewing numbers, and the difficulty in equilibrating signal intensity with both highly 

variable number of cells and high levels of “dead” space between the cells.  Further 



352 

 

complicating their use was that sparsely plated Schwann were very difficult to efficiently 

load and perform sulfatide experiments with.  Confluent cultures of Schwann cells had 

the benefit of no free plastic surfaces in sulfatide loading experiments which would bind 

the added sulfatide, they were slow to condense and process the exogeneous Lm which 

bound their surface, and the number of cells per field was more uniform from sample to 

sample making equilibrations and comparisons in binding of different recombinant Lms 

not just easier, but also, more accurate.       

 When 20ug/ml of Lm-111 was added to subconfluent SCs, the Lm-111 initially bound 

diffusely on the cell surface, however, over 30 minutes this binding began to accumulate 

and condense into a much less random distribution (appendix figure 6).  The Lm-111 

retracted from the cell’s peripheral edges and migrated towards the center of the cell, as 

did the nidogen-1, type IV collagen, and DG.  When exogeneous Lm-111 (20ug/ml) 

was added to near confluent SCs, there was an accumulation of Lm but little 

condensation.  Furthermore, the Lm began to clear from the surface of the confluent 

Schwann cells at a much slower rate and the Lm coverage took on the appearance of 

the exogeneous Lm coverage observed in C2C12 myotubes (appendix figure 7).  A 

similar binding, though much less than that observed for Lm-111, and redistribution was 

observed with exogeneous Lm-211 (data not shown).  A process similar to that observed 

with the low density Schwann cells, was also observed when recombinant Lm-111 

labeled with fluorescent dye Alexa 488 was added to Schwann cell cultures (appendix 

figure 8 and 9).  The modification of the Lm with the fluorescent dye did not appear to 

hinder the ability of the Lm to bind, aggregate, and condense.  
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Section V.  The role of sulfatide and Lm-111 in BM formation on cultured 

Schwann cells. 

 SCs in the absence of laminin treatment, revealed (via detection with the sulf-I 

antibody) a diffuse distribution of sulfatide, however, after addition and incubation with 

10ug/ml of Lm-111 or Lm-211, the sulfatide condensed and colocalized with the cell 

surface anchored Laminin.  Sulfatide migration was also observed by use of sulfatide in 

which the acyl chain had been chemical linked to BODIPY [71].  Previous laboratories 

[485] had shown that sulfatides can be intercalated into the outer leaflet of the plasma 

membrane in the presence of defatted albumin to which sulfatide can be loosely bound.  

When this was done with BODIPY-labeled sulfatide and cultured SCs, it was apparent 

that the sulfatide was uniformly distributed on the surface of the SCs, however, with 

addition of exogeneous Lm-111, the sulfatide co-migrated and condensed in the same 

pattern as the Lm-111.  Furthermore, Lm-111 accumulation was blocked by treatment of 

the SCs with malarial cirumsporozoite protein, which binds sulfatides and cholesterol 

sulfate, but not by treatment with a mixture of heparitinase and heparanase, 

chondroitinase ABC, or neuraminidase (data not shown).   

 Shaohua Li of our laboratory also demonstrated [71] that if SCs were treated with 

arylsulfatase (from Helix promatia; EC 3.1.6.1), an enzyme that hydrolyzes the sulfate 

from sulfatides and seminolipid but not gycosaminoglycans [486, 487], prior to addition 

of exogeneous Lm-111, then the sulfatide epitope detected by the sulf-I antibody was 

lost and Lm-111 did not accumulate on the surface of the SCs. Furthermore, positive 

sulfatide staining, Lm-111 accumulation, co-localization and co-condensing of both the 

sulfatide and Lm-111 staining could be restored after arylsulfatase treatment by loading 

the cells with sulfatide absorbed onto de-lipidated albumin. 

 The binding of sulfatide by Lm-111 was further examined by Shaohua Li [71] via 

loading delipidated BSA with BODIPY tagged gal-sulfatide, loading SCs by lipid 
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exchange with 10uM BODIPY-sulfatide:BSA complex, and then incubating the SCs with 

10ug/ml of either Lm-111 or AEBSF treated Lm-111 for one hour.  The SCs were then 

extracted with 1% Triton X-100, centrifuged, and the lysate immunoprecipitated with a 

Lm-111 E1’ specific polyclonal antibody.  There was virtually no fluorescence detected in 

the BSA control nor the polymerization incompetent AEBSF treated Lm-111, however, 

there was considerable fluorescence detected in the exogeneous Lm-111 sample.  

 Furthermore, sulfatide based ELISAs demonstrated that both Lm-111 and Lm-211, 

as well as 1 LG4-5, bound sulfatide in a measurable manner; that Lm-111 

demonstrated a higher capacity for the number of molecules of sulfatide it could bind 

than Lm-211, Lm-211 unprocessed bound with a much higher affinity than the processed 

Lm-211, and that Lm-111's binding was not impeded by the addition of 1% Triton X-100 

(figure 43).  

 Shaohua Li also showed [71] that cultured SCs have a diffuse DG and utrophin base 

staining pattern, however, after 1 hour incubation with 10ug/ml of exogeneous Lm-111, 

both proteins exhibited an induced condensation pattern similar to Lm-111.  If the SCs 

are also treated with arylsulfatase in addition to the exogeneous Lm-111, then there was 

no accumulation of Lm-111, nor condensation of DG or utrophin observed.  However, if 

the SCs are replenished with sulfatide via sulfatide loaded delipidated BSA post 

arylsulfatase treatment and then incubated with Lm-111, the Lm-111 accumulation and 

condensation, as well as condensation of DG and utrophin are re-established. 

 SCs incubated with 10ug/ml of Lm-111 for 1 hour, were collected, detergent 

extracted and immunoprecipitated with -DG antibody and utrophin antibody, then 

immunoblotted with Lm-111, -DG, and utrophin antibody to determine the prescence or 

absence of above mentioned proteins in a precipitable complex.  As expected, there was 

no detectable Lm-111 in the untreated SCs and Lm-111 was pulled down with the anti-
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DG antibody.  Furthermore, there was no detectable increase in DG observed upon 

addition of the exogeneous Lm-111.  Anti-utrophin antibody only pulled down DG in 

SCs which had been treated with exogeneous Lm-111, and like DG showed no 

increase in expression upon addition of the exogeneous Lm-111.  The exogeneous Lm-

111 induced DG–utrophin association was blocked in the prescence of the DG antibody 

IIH6, which blocks Lm-111 binding to DG.  Therefore, it became apparent that utrophin 

was recruited to a sulfatide associated Lm-111-DG complex through its association 

with DG.       

  

Section VI. Interactions of recombinant laminins with nidogen and type IV 

collagen. 

When Type IV collagen is mixed with nidogen-1 and allowed to polymerize, a fraction of 

the nidogen is found in the polymer pellet associated with the collagen (appendix figure 

13E) [74].  Purified type IV collagen, 122[IV], which polymerizes when incubated in 

PBS at 37oC, was incubated at increasing concentrations with 0.1 mg/ml (a 

concentration at which even polymerization capable laminins will not polymerize and 

pellet) recombinant wild-type laminin Lm-111Nf/Nh/0 (WTa), non-polymerizing laminin Lm-

111LNNm/Nh/Cf, and nidogen binding mutant Lm-111 1N802SNm/Nh/Cf, in the absence or 

presence of 0.02 mg/ml nidogen-1; followed by sedimentation.  The supernatant and 

pelleted fraction were analyzed by SDS-PAGE (appendix figure 4 and 5) [471], scanned, 

and quantitation performed based on the intensity of the Coomassie blue stained laminin 

1 band, which migrates slower than the collagen 2 band when co-electrophoresed.  

The fraction of WT or 1LN laminins in the collagen pellets increased with increasing 

collagen concentration, however, the highest fractions of laminin in the pellet were 

achieved in the presence of equimolar nidogen-1.  Lower, but substantial, fractions of 
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laminin were detected in the collagen pellet in the absence of nidogen.  A similar 

relationship was observed between WT and 1LN laminin, however, there was less 

1LN laminindetected in the pellet than that observed with WT laminin.  The 

recombinant laminin containing the 1 chain nidogen binding mutant, 1N802S, also was 

recoverable in the collagen pellet, however, there was even less than that achieved with 

the 1LN laminin.  Therefore, nidogen must mediate a laminin association with type IV 

collagen.   

 

Section VII. Collagen and nidogen contributions to the accumulation of 

exogeneous laminin on Schwann cells. 

The contributions of nidogen-1 and type IV collagen to the exogeneous Lm-111 driven 

basement membrane component accumulation on the surface of Schwann cells were 

examined in further detail in a series of experiments performed by Stephanie Capizzi 

[471].  Representative immunohistochemical stained SCs are shown for some of the 

recombinant laminins and conditions (appendix figure 13A) whose results are shown in 

panels B-E.  The highest laminin immunofluorescence observed resulted from treatment 

of cells with a mixture of recombinant WT laminin with or without nidogen-1 and type IV 

collagen (appendix figure 13B).   Although a small increase of laminin 

immunofluorescence appeared to be present in several experimental sets due to co-

incubation with nidogen and collagen (compared to laminin treatment alone), the 

differences were not found to be significant within data sets (appendix figure 13B and 

data not shown).  The highest nidogen immunofluorescence level (appendix figure 13C) 

was observed when nidogen was incubated with laminin and collagen (P<0.001, 

compared to other conditions).  Nidogen immunofluorescence was reduced to an 

intermediate level if only laminin and nidogen were present (32  6% compared to WT 
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laminin + nidogen + collagen, P<0.001), and essentially absent (0.2  0.1%, P<0.001) if 

N802S laminin was incubated in place of WT laminin with nidogen and type IV collagen.  

Type IV collagen levels were highest (appendix figure 13D) when incubated with WT 

laminin and nidogen (P<0.001, compared to other conditions).   Collagen levels were 

reduced if the collagen was incubated with Lm-1111N802S Nm/Nh/Cf and nidogen (33%  4 

% compared to WT laminin + nidogen + collagen, P<0.001) or if incubated with WT 

laminin in the absence of nidogen (25  11% compared to WT-laminin + nidogen + 

collagen, P<0.001).  Collagen immunofluorescence was further reduced if the collagen 

was incubated with Lm-111LG1-5Nm/Nh/Cf  and nidogen (12  4% compared to WT-

laminin + nidogen + collagen, P<0.001), a level not significantly different from the 

baseline values observed with collagen + nidogen (7  3%).  Type IV collagen levels 

were also low when the collagen was incubated with nidogen and the non-polymerizing 

Lm-111LNNm/Nh/Cf, but higher than that observed when the collagen was incubated 

with nidogen and Lm-111LG1-5Nm/Nh/Cf  (40  9% vs. 12  4%, P<0.002).  If 

polymerization incompetent Lm-111LNNm/Nh/Cf and type IV collagen were kept at a 

fixed concentration, 40ug/ml and 20ug/ml respectively, and the nidogen concentration 

allowed to increase, a very small laminin immunofluorescence and a moderate collagen 

immunoflourescence were observed (appendix figure 13E).  

 The increase in exogeneous laminin accumulation and basement membrane 

formation on the Schwann cell surface with contemporaneous addtion of both type IV 

collagen and nidogen was observed in electron micrographs (images taken by Peter 

Yurchenco) (appendix figure 14) [471].  Continual basement membranes were observed 

in electron micrographs only following treatment with EHS purified laminin-111, 

recombinant Lm-111Nf/Nh/0, and recombinant Lm-111Nm/Nh/Cf.  A few small discrete 

extracellular aggregates (asterisks in Appendix Figure 14) in the absence of basement 
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membranes were present on exposed cell surfaces of cells treated with Lm-

111LNNm/Nh/Cf, Lm-111LG1-5Nm/Nh/Cf, or if untreated.  The contemporaneous addition 

of type IV collagen and nidogen-1 to the recombinant laminins resulted in increased 

deposition of basement membrane or aggregates on the surface of the Schwann cells.  

 

VIII. Ultrastructure of MEF cell surfaces with and without the addition of 

exogeneous Lm-111. 

The determination of the ultrastructural characteristics of Schwann cells and MEFs  are 

a neccesity for proper examination of the cells and BM formation because the light and 

flourescent microscopy levels of magnification are insufficient to properly identify cellular 

structures and characteristics.  MEFs were grown in culture till they reached a confluent 

state and then treated either with exogeneous Lm-111 (40ug/ml for 1 hour), loaded with 

gal-sulfatide and then treated with Lm-111, or loaded with gal-sulfatide + Lm-111 + 

arysulfatase and examined by transmission electron microscopy. 

 There was no detectable BM in non-treated (data not shown) nor Lm-111 only 

exposed MEFs.  A continuous BM was observed in MEFs first loaded with sulfatide then 

given Lm-111, however, there was no observable BM if the MEFs were also treated with 

arysulfatase. 
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APPENDIX FIGURE LEGENDS 

 

Appendix Figure 1. Laminin chain expression profiles suggested by analysis of 

EST counts.  The actual numbers of transcripts and relative numbers from NCBI's GEO 

EST expression repository utilized to generate figures 4-6 listed both as a number and a 

graphical representation (oval) whose shading intensity is directly proportional to the 

number of transcripts.  

 

Appendix Figure 2. Rotary shadow EM of heterotrimeric Lm-111s.  Rotary shadow 

EM was performed by Dr. Peter Yurchenco. 

 

Appendix Figure 3. Higher magnification rotary shadow EM of heterotrimeric Lm-

111s.  Rotary Shadow EM was performed by Dr. Peter Yurchenco. 

 

Appendix Figure 4. Polymerization ability of recombinant heterotrimeric Lm-111s 

– SDS-PAGE results.  Coomassie blue stained SDS-PAGE gels from polymerization 

assays of various recombinant Lm-11s performed by Karen McKee. 

 

Appendix Figure 5. Polymerization ability of recombinant heterotrimeric Lm-111s 

– plotted results.  The gels from appendix figure 4 were scanned, density of individual 

bands determined, and plotted in order to generate polymerization curves and determine 

the critical concentrations for polmerization (performed by Karen McKee). 
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Appendix Figure 6.  Accumulation, aggregation, and condensation of exogeneous 

Lm-111 on cell surfaces of sparsely plated Schwann cell cultures.  Sparsely plated 

Schwann cells were incubated with 20ug/ml of Lm-111Nm/Nh/Cf and samples removed at 

specific time intervals and immunostained.   The laminin signal is observed to be initially 

light and punctate, accumulating with time, increasing in coverage, and condensing from 

the periphery towards the center of the cell, where it begins to take on a typical BM like 

appearance, and eventually begins to be cleared from the cell surface.  Neither the 

recombinant nature nor N-terminal myc tag on the 1 chain, N-terminal HA tag on the 1 

chain, and C-terminal FLAG tag on the 1 chain of the exogneous recombinant Lm-

111Nm/Nh/Cf appear to adversely affect Lm-111 binding to the surface, accumulation, 

aggregation, and condensation on the surface of Schwann cells. 

 

Appendix Figure 7.  Accumulation, aggregation, and condensation of exogeneous 

Lm-111 on cell surfaces of near confluent Schwann cell cultures.  Densely plated, 

nearly confluent, Schwann cells were incubated with 20ug/ml of Lm-111Nf/Nh/Cf and 

samples removed at specific time intervals and immunostained.   The laminin signal is 

observed to be initially light and punctate, accumulating with time, increasing in 

coverage, however, unlike the sparsely plated Schwann cells there is much less 

migration and condensation of the signal, however, it does with time take on a typical 

BM like appearance, and eventually begins to be cleared from the cell surface. 

 

Appendix Figure 8.  Accumulation, aggregation, and condensation of exogeneous 

Alexa-488 labeled Lm-111 on Schwann cell surfaces.  Sparsely plated Schwann cells 

were incubated with 20ug/ml of Alexa-488 labeled Lm-111Nf/Nh/Cf and samples removed 

at specific time intervals and immunostained.   In a manner similar to the Schwann cells 
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incubated with non-labeled Lm-111, the laminin signal is observed to be initially light and 

punctate, accumulating with time, increasing in coverage, and condensing from the 

periphery towards the center of the cell, where it begins to take on a typical BM like 

appearance though not as efficient as unlabelled laminin, and eventually begins to be 

cleared from the cell surface.  There were approximately 21 moles of dye per mole of 

laminin.  It appears that the flourescent labelling of the laminin through its primary 

amines did not interfere with laminin activities (polymerization or anchorage) required for 

BM formation.  This is a concern since we had shown that mutation of Arg and Lys 

residues (primary amine containing amino acids) in 1 LG4-5 recombinant proteins 

affected specific binding activities of laminin to heparin, DG, and sulfatide.  

 

Appendix Figure 9.  Accumulation, aggregation, and condensation of exogeneous 

Alexa-488 labeled Lm-111 on Schwann cell surfaces – single cell.   Enlargement of 

individual cells incubated with Alexa-488 labeled Lm-111 depicted in Appendix Figure 

11.  Note the increase in DG signal with time upon addition of laminin as well as “co-

condensation” with the exogenous laminin. 

 

Appendix Figure 10.  Dystroglycan, nidogen-1, and type IV collagen expression 

in cultured Schwann cells.   Schwann cells were incubated with either 20 ug/ml of EHS 

laminin-111 and BSA or BSA alone containing media for 45 minutes, washed, and 

immunostained in order to detect the expression of:  Lm-111, DG, nidogen-1, and type 

IV collagen.  Schwann cells express DG on the cell surface, however, the amount 

observed on the surface with the IIH6 DG antibody increases upon addition of 

exogeneous Lm-111 and the DG signal is observed to co-localize and condense with 

the laminin signal on the cell surface of the Schwann cells.  Both type IV collagen and 
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nidogen-1 are expressed and secreted by the Schwann cells, however, very little is 

retained on the cells surface unless exogeneous laminin is also supplied, after which, 

both type IV collagen and nidgoen accumulate on the surface, co-localize, and condense 

with the exogeneous laminin.  

 

Appendix Figure 11.  Perlecan, syndecan-1, and syndecan-3 expression in cultured 

Schwann cells. Schwann cells were incubated either with 20 ug/ml of Alexa-488 labeled 

EHS laminin-111 and BSA or BSA alone containing media for 45 minutes, washed, and 

immunostained for perlecan, syndecan-1, and syndecan-3.  Perlecan was observed on 

the basal side of the Schwann cells prior to addition of the exogeneous laminin and 

some did colocalize with the laminin signal on the apical side after incubation with the 

exogeneous laminin, however, most still appeared to be associated with the basal side 

of the cell.  The HNK-1 epitope antibody revealed staining levels barely above 

background and did not appear to colocalize with the exogeneous Lm-111.  Both 

syndecan-1 and syndecan-3 were expressed prior and post laminin addition, however, 

neither co-localized with the exogneous laminin signal. 

 

Appendix Figure 12.  1 integrin, sulfatide, and agrin expression in cultured 

Schwann cells.  Schwann cells were incubated with either 20 ug/ml of Alexa-488 

labeled EHS laminin-111 and BSA or BSA alone containing media for 45 minutes, 

washed, and immunostained for 1 integrin, sulfatide, and agrin.  The 1 integrin, as 

expected, was observed on the basal side of the Schwann cells prior to addition of the 

exogeneous laminin and remained sequestered on the basal side even after incubation 

with exogenous Lm-111.  No 1 signal was observed to colocalize with the exogeneous 
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laminin on the apical side.  Sulfatide was present and did colocalize and condense with 

the exogeneous laminin signal.  Agrin was not present or barely detectable. 

 

Appendix Figure 13. Contributions of type IV collagen and nidogen to ECM 

assembly.  Stephanie Capizzi incubated Schwann cells for one hour with mixtures of 

various laminins (20ug/ml), and/or nidogen-1 (4ug/ml; Nd), and/or type IV collagen 

(10ug/ml; Coll). She then washed, fixed, immunostained, and analyzed the cells for 

either laminin-111, nidogen-1, or type IV collagen signal.  (A) Images representative of 

the cell immunofluorescence observed are shown.  Quantitation of immunofluorescence 

(both the average and standard deviation of the sums of pixel intensities divided by the 

number of DAPI stained nuclei) of cells treated with the indicated combinations of 

laminin, nidogen, and collagen, then immunostained for either (B) laminin-111, (C) 

nidogen, or (D) type IV collagen are depicted.  The average (+/- S.D.) 

immunofluorescence per cell is represented as grey bars; n = 5-9.  Recombinant 

heterotrimeric laminins possessing defective polymerization or 1 LG4 anchorage do not 

significantly accumulate on the Schwann cell surface, however, all laminins, even those 

with reductions in binding due to loss of afore mentioned activities, will demonstrate 

increased binding in the prescence of collagen, or nidogen and collagen.  Treatment of 

cells with either just nidogen and laminin or nidogen and collagen results in a decrease 

in observed laminin or collagen binding to the cell surface. 

 

Appendix Figure 14. Electron microscopy images depicting the accumulation of 

recombinant heterotrimeric Lm-111s and BM formation on the cell surface of 

Schwann cells in the prescence or absence of type IV collagen and nidogen-1.  

Schwann cells were incubated with recombinant laminins (40ug/ml) alone or in the 

prescence of type IV collagen (Col; 20ug/ml) and/or nidogen (Nd; 4ug/ml) for one hour.  
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Cells treated with WT laminin, Lm-111Nm/Nh/Cf, exhibited a thin continuous electron dense 

line (BM; lamina densa, upper arrowheads) adjacent to the plasma membrane (lower 

arrowheads).  Scattered small extracellular aggregates instead of continuous BM were 

observed on the Schwann cell surface with treatments utilizing the polymerization 

deficient Lm-1111LNNm/Nh/Cf and LG1-5 anchorage deficient Lm-1111LG1-

5Nm/Nh/Cf.  The ECM deposition of all three laminin improved with the addition of type IV 

collagen and nidogen-1, however, the ECM deposition of Lm-1111LNNm/Nh/Cf and Lm-

1111LG1-5Nm/Nh/Cf treated Schwann cells still remained discontinuous.  Electron 

microscopy was performed by Dr. Peter Yurchenco. 

 

Appendix Figure 15. The different stages of differentiation and development WT 

ES cells undergo during embryoid body development.  Phase and DAPI stained EBs 

depicting the development stages diagrammed below them (performed by Shaohua Li). 

 

Appendix Figure 16. Immunoflourescence and electron microscopy of 

exogeneous Laminin-111 induction of BM formation, epiblast differentiation, and 

cavitation in 1 laminin null EBs: aggregation and condensation. 

 

Appendix Figure 17. Immunoflourescence and electron microscopy of 

exogeneous Laminin-111 induction of BM formation, epiblast differentiation, and 

cavitation in 1 laminin null EBs: BM formation, formation and elongation of 

epiblast layer. 
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Appendix Figure 18. Immunoflourescence and electron microscopy of 

exogeneous Laminin-111 induction of BM formation, epiblast differentiation, and 

cavitation in 1 laminin null EBs: cavitation. 

 

Appendix Figure 19. Basement membrane formation and epiblast differentiation in 

1 laminin null embryoid bodies treated with Lm-111, modified Lm-111, Lm-111 

fragments, and recombinant Lm-111s.   The number of EBs counted and actual 

numbers generated for BM and epiblast formation.  

 

Appendix Table 1.  Crystallographic statistics for recombinant mouse 1 LG4-5.  

The crystallographic statistics for recombinant mouse 1 LG4-5 generated by Erhard 

Hohenester. 
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adipose tissue 0 0 0 0 0 0 0 0 0 0 0 0 634 1 0 0 634 1 0 0 0 0 1576

adrenal gland 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2343

bladder 0 0 66 1 0 0 132 2 0 0 198 3 198 3 132 2 132 2 198 3 0 0 15093

blood 0 0 0 0 0 0 58 1 0 0 0 0 0 0 0 0 58 1 0 0 0 0 17217

bone 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 33629

bone marrow 0 0 0 0 0 0 7 1 14 2 7 1 50 7 0 0 50 7 0 0 0 0 139698

brain 40 19 23 11 0 0 18 9 10 5 35 17 84 40 6 3 86 41 2 1 14 7 474042

connective tissue 0 0 0 0 0 0 200 4 0 0 100 2 350 7 0 0 0 0 0 0 0 0 19956

dorsal root ganglion 0 0 0 0 0 0 177 2 0 0 443 5 0 0 0 0 0 0 0 0 0 0 11284

embryonic tissue 56 38 4 3 10 7 13 9 51 35 123 84 57 39 5 4 145 99 1 1 7 5 678403

epididymis 0 0 0 0 334 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2991

extraembryonic tissue 0 0 0 0 0 0 0 0 511 38 40 3 282 21 53 4 80 6 40 3 0 0 74220

eye 31 6 21 4 10 2 15 3 10 2 111 21 90 17 0 0 133 25 5 1 5 1 187857

fertilized ovum 0 0 72 2 0 0 0 0 0 0 400 11 0 0 0 0 72 2 0 0 0 0 27442

heart 0 0 0 0 0 0 18 1 37 2 223 12 55 3 0 0 18 1 18 1 37 2 53749

inner ear 26 1 104 4 0 0 0 0 52 2 208 8 182 7 0 0 26 1 156 6 78 3 38361

intestine 0 0 11 1 0 0 0 0 11 1 11 1 34 3 46 4 11 1 23 2 0 0 85851

joint 0 0 0 0 0 0 0 0 0 0 0 0 406 7 0 0 0 0 0 0 0 0 17205

kidney 193 24 32 4 0 0 8 1 8 1 145 18 32 4 0 0 40 5 16 2 8 1 124074

liver 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 110468

lung 60 6 10 1 20 2 70 7 50 5 130 13 90 9 180 18 100 10 40 4 10 1 99576

lymph node 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15224

mammary gland 3 1 45 14 9 3 78 24 62 19 114 35 117 36 48 15 130 40 32 10 35 11 306321

molar 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3630

muscle 0 0 72 2 0 0 72 2 0 0 36 1 72 2 0 0 0 0 0 0 0 0 27490

nasopharynx 0 0 246 2 0 0 0 0 0 0 246 2 0 0 0 0 0 0 0 0 0 0 8103

olfactory mucosa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3353

ovary 18 1 72 4 0 0 18 1 18 1 346 19 18 1 0 0 91 5 91 5 18 1 54820

oviduct 0 0 0 0 0 0 824 3 0 0 274 1 274 1 0 0 0 0 0 0 0 0 3640

pancreas 9 1 0 0 0 0 37 4 9 1 46 5 18 2 0 0 93 10 9 1 0 0 106585

pineal gland 0 0 0 0 0 0 0 0 0 0 0 0 254 1 0 0 0 0 0 0 0 0 3926

pituitary gland 0 0 0 0 0 0 56 1 0 0 56 1 0 0 0 0 113 2 113 2 0 0 17544

prostate 0 0 0 0 66 2 133 4 0 0 0 0 0 0 0 0 166 5 33 1 0 0 30012

salivary gland 0 0 0 0 0 0 0 0 102 2 51 1 102 2 51 1 51 1 51 1 51 1 19477

skin 0 0 0 0 8 1 16 2 8 1 16 2 480 57 33 4 58 7 42 5 16 2 118673

spinal cord 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 293 7 0 0 0 0 23855

spleen 0 0 0 0 0 0 0 0 10 1 21 2 0 0 52 5 0 0 0 0 0 0 95057

stomach 32 1 32 1 0 0 0 0 0 0 130 4 0 0 0 0 392 12 0 0 0 0 30554

sympathetic ganglion 0 0 103 1 0 0 0 0 0 0 207 2 103 1 0 0 ### 13 0 0 0 0 9637

testis 8 1 16 2 8 1 25 3 0 0 50 6 42 5 0 0 25 3 0 0 76 9 118110

thymus 0 0 32 4 41 5 16 2 0 0 8 1 57 7 32 4 41 5 16 2 0 0 121546

thyroid 0 0 0 0 224 2 0 0 0 0 112 1 0 0 0 0 0 0 112 1 0 0 8891

tongue 0 0 0 0 0 0 0 0 0 0 0 0 97 1 0 0 0 0 0 0 0 0 10284

turbinate 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1389

uterus 0 0 0 0 0 0 0 0 0 0 144 1 144 1 0 0 432 3 0 0 0 0 6933

vagina 0 0 0 0 0 0 0 0 0 0 0 0 0 0 168 1 168 1 0 0 0 0 5946

vesicular gland 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2192

oocyte 51 1 0 0 0 0 51 1 51 1 564 11 0 0 0 0 0 0 153 3 0 0 19488

unfertilized ovum 0 0 147 3 0 0 0 0 0 0 196 4 0 0 0 0 98 2 49 1 0 0 20344

zygote 0 0 70 2 0 0 0 0 0 0 387 11 0 0 0 0 140 4 0 0 0 0 28373

cleavage 0 0 0 0 0 0 0 0 0 0 72 2 0 0 0 0 0 0 0 0 0 0 27725

morula 157 6 0 0 26 1 0 0 0 0 183 7 104 4 0 0 52 2 0 0 26 1 38115

blastocyst 28 2 0 0 14 1 0 0 85 6 157 11 28 2 0 0 142 10 0 0 0 0 69939

egg cylinder 81 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 244 3 0 0 0 0 12254

gastrula 209 6 0 0 0 0 0 0 174 5 209 6 34 1 0 0 139 4 0 0 0 0 28675

organogenesis 93 12 23 3 0 0 7 1 101 13 132 17 101 13 0 0 334 43 0 0 7 1 128557

fetus 37 25 16 11 4 3 50 34 19 13 111 75 93 63 4 3 132 89 11 8 23 16 670596

neonate 242 26 93 10 9 1 112 12 0 0 149 16 46 5 18 2 261 28 0 0 9 1 107136

juvenile 3 1 13 4 17 5 37 11 23 7 44 13 44 13 6 2 71 21 20 6 20 6 293428

adult 1 2 24 25 4 5 24 25 68 70 67 69 90 93 20 21 70 72 28 29 18 19 1025681

neonate 242 26

total 

EST in 

the pool

Breakdown by Body 

Sites b1 b2

Breakdown by Developmental Stage

a1 a2 a3 a4 b3 g1 g2 g3

laminin chain

a5

 Appendix figure 1.  Laminin chain expression profiles suggested by analysis of EST counts. 

transcripts per million (TPM) represented 
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ABBREVIATIONS 
 
Ab     -  antibody 
AChR   - acetyl choline receptor 

DG   - alpha dystroglycan 
AEBSF   -  4-(2-aminoethyl)benzenesulfonyl fluoride  
BLAST   - Basic Local Alignment Search Tool  
BM    - basement membrane 
BODIPY  -  boron dipyrromethene difluoride 
BODIPY-Cer  -  N-[5-(5,7-dimethyl BODIPY)-1-pentanoyl]-D-erythro-sphingosine 
BSA    -  bovine serum albumin 
Bt2cAMP  - N6,O2’-dibutyryladenosine 3’,5’-cyclic monophosphate 
CAM   - cell adhesion molecule 
Cer    -  ceramide 
CHAPS  -  3-[3-cholamidopropy)-dimethylammonio]-1-proprane-sulfonate: buffer 
c-myc   - transcription factor 
CMV   - cytomegalovirus 
CNS   - central nervous system 
con2   - the derived “consensus 2” 5’ UTR  sequence  
CS    - chondroitin sulfate 
Cy3   - cyanine 3; yellow-orange (~550 nm excitation, ~570 nm emission) 
Cy5    -   cyanine 5; Cy5 is fluorescent in the red region (~650/670nm) 
DAG   - diacylglycerol  
DAPI    -  4',6-diamidino-2-phenylindole; fluorescent stain binds strongly to DNA 
DEPC    - diethylpyrocarbonate: RNase inactivator  
DF-BSA   -  defatted bovine serum albumin 
DMEM   - Dulbeccos minimum essential medium 
DMF    - dimethylformamide: organic solvent  
DMSO   - dimethyl sulfoxide: common solvent  
DG    - dystroglycan 
DOC    - deoxycholate: detergent 
DTT    - dithiothreitol: reducing agent  
EB    - embryoid body 
ECM   - extracellular matrix 
EDTA    - ethylenediaminetetraacetic acid: divalent metal chelator  
EGF   - epidermal growth factor  
EHS   - Englebreth-Holm-Sevard 
EIA    - enzyme immunoassay  
eIF    - eukaryotic initiation factor  
EIF4A1 or eif4a1 - human eukaryotic translation initiation factor 4A 
EK    - Enterokinase 
ELISA    - enzyme linked immunosorbent assay  
EMBL    - European Molecular Biology Laboratory  
ES     - embryonic stem 
EST    - expressed sequence tag  
FAK   - focal adhesion kinase 
FBS    -  fetal bovine serum 
FDFT1 or fdft1 - human farnesyl-diphosphate farnesyltransferase 1 
FGF   - fibroblast growth factor 
FITC    - fluorescein isothiocyanate  
GAG   - glycosaminoglycan 
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http://en.wikipedia.org/wiki/Staining_(biology)
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GalCer   - galactosylceramide 
gal-sulfatide  - HSO3-3galactosylβ-1ceramide 
GlcCer   - glucosylceramide 
glc-sulfatide  - HSO3-3glucosylβ-1ceramide 
GPI   - glycosylphosphatidylinositol 
HA    - Haemophillus hemaglutinin 
HS    - heparan sulfate 
HSPG   - heparan sulfate proteoglycan 
H2B or h2b - human histone H2B 
IARS or iars - human isoleucyl-tRNA synthetase 
IB    - immunoblot  
ICM   - inner cell mass 
IP    - immunoprecipitated 
JEB   - junctional epidermolysis bullosa 
LacCer   - lactosylceramide 
Lm    - laminin 
mAb    - monoclonal antibody 
MAG   - myelin-associated glycoprotein 
MBP    - myelin basic protein 
MEF    - mouse embryonic lung fibroblast  
MOPS   - morpholinepropanesulfoninic acid: buffer  
NCAM   - neural cell adhesion molecule 
NCBI   - National Center for Biotechnology Information  
NEB   - New England BioLabs 
NMJ   - neuromuscular junction 
OPD    - o-phenylenediamine: HRP substrate (ELISA)  
PAGE   - polyacrylamide gel electrophoresis 
PBS    - phosphate buffered saline 
pFAK   - tyrosine phosphorylated focal adhesion kinase 
PKC   - protein kinase C 
PMSF    - phenylmethylsulfonyl fluoride: serine protease inhibitor  
PNS   - peripheral nervous system 
polyHEMA  - 2-hydroxyethyl methacrylate 
PVDF   - polyvinylidene fluoride 
RA    - retinoic acid 
RIPA    - radioimmuno precipitation assay buffer  
RSV   - rous sarcoma virus 
SC    - Schwann cell 
SDS   - sodium dodecyl sulfate: ionic detergent 
SFK   - Src family kinase 
SGGL-1  - sulfoglucuronylneolactotetraosylceramide 
TEV   - tobacco etch virus protease 
TGF-B   - transforming growth factor-B 
TMB    - 3,3,5,5-tetramethylbenzidine: HRP substrate (ELISA)  
TOMM7 or tomm7- human translocase of outer mitochondrial membrane 7 homolog 
TRIS    - tris (hydroxymethyl) aminomethane  
TRIS-HCL   - tris hydrochloride  
TRITC    - tetramethylrhodamine isothiocyanate  
UBE2S or ube2s - human ubiquitin-conjugating enzyme E2S 
5’ UTR   - 5’ untranslated region 
VEGF   -  vascular endothelial growth factor 
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V5  - 14 amino acid epitope derived from the P and V 
proteins of the paramyxovirus,SV5 
VSV-G   - vesicular stomatitis virus G protein epitope 
XC    - xylene cyanol 
X-gal   - 5-bromo-4-chloro-3-indolyl-beta-D-galactoside: B-Gal substrate 
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