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I.

ABSTRACT

Muskelin is a novel intracellular protein involved in cell responses to the adhesion 

modulating matrix component, Thrombospondin-1 (TSP-1). The muskelin polypeptide 

sequence contains six motifs with homology to the tandem kelch motifs, initially 

identified in the Drosophila Kelch protein, a component of ring canals. The focus of the 

thesis project has been to identify the molecular interactions of muskelin by use of a 

number of approaches including the yeast dihybrid system, copprecipitation. 

pharmacological agents and gel overlays. The two hybrid approach did not prove to 

beappropriate, because expression of muskelin had toxic effects on yeast cells. Treatment 

of cell extracts with a panel of pharmacological agents, to target components of cell 

signalling pathways, had no effect on the distribution of muskelin between detergent 

soluble (cytosol and membranes) and insoluble (cytoskeleton) fractions. Using a panel of 

cell lines including skeletal myoblasts, a set of proteins migrating with apparent molecular 

weights between 45-57 kDa were specifically detected upon muskelin overlays of SDS- 

polyacrylamide gels. These proteins did not correspond to the most abundant proteins 

within cell extract. Interaction of muskelin with these proteins was detectablethroughout 

myoblast fusion into myotubes. Fascin, tubulin and actin were investigated as potential 

candidates for the proteins detected by muskelin gel overlay. A combination of muskelin 

and fascin overlays of cell extracts demonstrated that muskelindid not directly bind fascin. 

Muskelin did not interact with purified tubulin and actin in gel overlay assays and 

cosedimentation studies revealed that muskelin does not interact directly with 

microtubules or microfilaments. The most prominant interaction of muskelin in a gel 

overlay was with a 45 kDa protein of pi 6.0. This interaction was enhanced during 

myoblast fusion. Apparent postranslational modification of the 45 kDa protein was 

detected by muskelin overlay of extracts resolved on 2-Dimensional IEF/SDS-PAGE gels. 

A two step approach was developed to isolate the 45 kDa protein by using a strong anion 

exchange column to enrich for the 45 kDa protein, followed by 2D gel analysis. 

Identifying muskelin’s binding partners will enhance understanding of its functional role.
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CHAPTER 1

INTRODUCTION

INTRODUCTION OVERVIEW

The aim of my thesis project research has been to identify the molecular 

interactions of a novel intracellular protein, muskelin, which is functionally involved in 

cell adhesive responses to the matrix component, thrombospondin-1. Thrombospondin-1 

(TSP-1) is a regulated component of the extracellular matrix (ECM), which is present in 

tissue matrix during organogenesis and in stress situations, such as wound healing, in the 

adult. Various cell model systems have established that TSP-1 modulates cell movement, 

shape and proliferation and indeed subtle defects are apparent in multiple tissues in TSP- 

1 gene knockout mice (Lawler et al., 1998). However, the cellular mechanisms by which 

TSP-1 exerts these effects have not been understood.

As an approach to identifying molecules involved in cell adhesion on TSP-1. 

muskelin was identified using an expression cloning system based on a TSP-1 adhesion 

assay (Adams et al., 1998). The strategy involved screening a C2C12 myoblast cDNA 

library for molecules which promote COS-7 cell adhesion to the C-terminal globular 

domain of TSP-1, hTSP-l-C (Adams et al., 1998). The screen identified muskelin as a 

novel polypeptide with 6 dispersed motifs, within the C-terminal region which share 

homology with the tandem kelch motifs, initially identified in the Drosophila Kelch ORF 

1 protein (Xue & Cooly 1993; Adams et al., 1998).

Overexpression and antisense approaches were used to demonstrate that muskelin 

functions in cell spreading responses on TSP-1. Overexpression of muskelin in C2C12 

cells has no apparent affect on cytoskeletal organisation when cells are attached to 

fibronectin. A four-fold decrease in attachment of muskelin-depleted cells on the TSP-1 

C-terminal fusion protein was observed when endogenous muskelin was depleted to 20% 

using antisense RNA. On intact TSP-1 the levels of attachment correlated with control 

cells, but the extent of spreading was reduced. Fascin microspike structures were present 

in lower numbers and F-actin microfilament structures were not apparent (Adams et al..



1998). Attachment of muskelin depleted cells to fibronectin was accompanied by 

extensive spreading and microfilament bundles and focal contact formation, thus indicating 

that the effects on cell spreading was substratum specific.

Before I discuss my results I will provide a general review of the literature and 

ideas associated with modulation of cell behaviour by the extracellular matrix (ECM). 1 

use the basement membrane as an example of a specialised extracellular matrix which 

directly influences the cells and tissues it is directly associated with. To emphasise the 

importance of extracellular matrix components in cell and tissue homeostasis I discuss a 

number of genetic disorders and mouse gene knockouts. In relation to my own area of 

research interest I will provide background on TSP-1 relating to its physical structure and 

biological roles in vascular and solid tissues. I review current information on integrin 

mediated adhesion and provide examples of how these responses are integrated with 

responses to TSP-1. Finally, I focus on the specific adhesive interactions of myoblasts 

with extracellular TSP-1 and the role of muskelin in these responses.



1:1 EXTRACELLULAR MATRIX

What is the extracellular matrix, ECM? It is the substratum cells adhere to and 

interact with in vivo. Composed of a meshwork of glycosaminoglycans, proteoglycans 

and glycoproteins, the ECM is secreted by the cells it supports and is assembled locally 

by cells, self assembly and by interactions between matrix components. Its diversity in 

structure and biochemical composition is reflected in the functional specificity of 

individual tissues. For example, in bone, tensile strength is provided by type I collagen 

and rigidity by calcium phosphate deposition. Altering the composition and organisation 

of a particular ECM can have significant effects on cell behaviour, influencing the 

proliferation, migration and differentiation of component cells. The ECM can completely 

surround cells as seen with dermal fibroblasts in connective tissue. Alternatively, a 

specialised sheet of ECM such as the basement membrane separates one tissue from the 

adjacent connective tissue. For example by completely surrounding cells, as in muscle 

fibres, or by simply interacting with one cell surface, as in epithelial tissues. The 

extracellular matrix is also intimately involved in tissue and cell homeostasis. It affects 

morphogenic events associated with development and repair, through its influences on cell 

proliferation, migration and differentiation. Tissue homeostasis is sustained by the 

dynamic interactions of the ECM with multiple cells that translates to the level of the 

whole tissue. Because most of my experiments have involved the use of skeletal 

myoblasts, I will use skeletal muscle to exemplify the roles of cell-matrix interactions 

throughout the Introduction.

A T h e  b a s e m e n t  m e m b r a n e

The basement membrane is a specialised form of the ECM. High levels of 

basement membrane proteins are synthesised during tissue growth and development, 

correlating with sites of localised tissue remodelling. The basement membrane is 

deposited by endothelial, epithelial and some mesenchymal cells and forms a sheet-like 

membrane of two layers, an electron dense layer (Lamina densa) and an electron lucent 

layer (Lamina lucida) (reviewed by Schittny & Yurchenco, 1989; Timpl 1996). The major 

constituents are laminin and collagen type IV (Timpl et al., 1979; Kuhn 1992).



Both laminin and collagen IV exist as multiple isoforms and establish independent 

networks through self assembly (Yurchenco et al., 1992; Yurchenco and Cheng, 1993; 

Schittney & Schittney, 1993; Siebold et al., 1987; Brazel et al., 1988; Weber et al.. 1988: 

Hudson et al., 1994; Tryggvason et al., 1993). The laminin network provides flexibility 

by the nature of its noncovalent associations forming homotypic networks. In addition to 

homotypic associations, laminin isoforms interact with each other to form small 

heterotypic networks of alternative isoforms (Champliaud et al., 1996; Timpl & Brown

1994). For example, laminin 5 interacts with laminin 6 and 7 (Champliaud et al., 1996). 

Collagen networks establish mechanical stability through extensive crosslinking of collagen 

molecules. The collagen IV and laminin networks are connected physically by the matrix 

protein, nidogen, to provide structural stability (Mayer et al., 1993; Reinhardt et al.. 

1993; Dziadek 1995)

As summarised in a number of reviews, basement membranes contain an additional 

range of proteins which are organised into an orderly but complex matrix (Schittny & 

Yurchenco, 1989; Timpl & Brown, 1994; Timpl, 1996). Other components include the 

proteoglycans perlecan and aggrecan, SPARC (secreted acidic and rich in cysteine residue 

protein) and fibulin-1 and 2. The various amounts and type of components will adapt a 

basement membrane to a specific tissue function. Differences in the ratios of components 

and the tissue specific expression and incorporation of certain components give rise to 

different types of basement membranes.

B  D e v e l o p m e n t a l  r o l e s  o f  t h e  ECM

Modulation of development and differentiation is a continuous process governed 

by the interactions of the ECM and cells (reviewed by Adams Sc Watt, 1993; Gumbiner. 

1996). Evidence to support this view is provided by a number of developmental 

mutations, in vivo and in vitro experimental models and I provide examples of these 

below.



M u t a t io n s  a f f e c t in g  d e v e l o p m e n t

Mutation of the UNC-6 gene in Caenorhabditis elegans caused defective neuronal 

development. The UNC-6 gene product, which resembles vertebrate laminin, mediates 

axon guidance and cell migration. In UNC-6 mutants the dorsal and ventral migrations of 

axons are interrupted (Ishii et al., 1992). C.elegans has two types of collagen which are 

specifically expressed in the two forms of ECM, the cuticle and basement membrane 

(reviewed by Kramer, 1994). The basement membrane collagen is homologous to the 

vertebrate basement membrane-associated collagen IV. A temperature sensitive mutation 

of the gene induces late embryonic death (Guo et al., 1991).

Drosphila melanogaster has been exploited as a genetic system in the study of 

protein and gene function. Null mutants of the LamA gene, which encodes the laminin A 

chain, die in late embryogenesis (Hortsch & Goodman, 1991). Later genetic studies on 

LamA revealed distinct groups of sensory axons with different ECM requirements. 

Mechanosensoiy axons extend under the ECM to the brain and are in direct contact with 

the surface of imaginal disc cells. Transient ocellar neurons establish the pathway of the 

nerve from the simple eyes (ocelli) to the brain. They extend axons over the ECM which 

covers and connects the disc epithelium to the brain. In LamA mutants, the ocellar axons 

are unable to reach the brain although they extend in the right direction. The 

mechanosensory axons are unaffected (Garcia-Alonso et al., 1996).

Deletion of Tiggrin, a Drosophila matrix protein that interacts with the 

Drosophila integrinPS2 through an RGD integrin binding motif, initially characterised in 

fibronectin (Pirschbacher & Ruoslahti, 1984), causes death in most mutants at the larval 

or pupae stage (Bunch et al., 1998). Those that do survive to adults have misshapen 

abdomens and a low incidence of wing defects (1-2% of flies). The misshapen abdomen 

correlates with abnormal muscle function and morphology. Muscle contractions are 

slower and the sites of connection to the body wall are defective (Bunch et al., 1998). 

The wing defects involve altered shapes and sizes, for example 2.7% of those affected 

present wavy posterior regions and 1.5% have notched wings. This is consistent with the 

localisation of tiggrin in the ECM which separates the dorsal and ventral epithelia in



immature wings (Bunch et al., 1998). The RGD sequence is important but not essential 

for tiggrin function, because the mutant phenotype can be rescued by an RGD mutant 

(Bunch et al., 1998).

The PS integrins act as receptors for Tiggrin and other Drosphila ECM ligands. 

They are composed of aPSl or aPS2 subunits together with a (3PS subunit. Mutations 

of the PPS and aPS2 subunit reveal that they play an essential role in adhesion between 

cell layers (Brown, 1993; 1994; Martin-Bermudo et al., 1998), in particular cell-matrix-cell 

interactions which occur between the muscle and epidermis. Null mutations of the PPS 

subunit cause adverse effects in the epidermis along the midline with irregular muscle 

attachment. aPS2 subunit null mutations present phenotypes which are similar but not 

as severe. Muscles remain attached for longer and the effects are not widespread (Brown 

et al., 1993; 1994). Martin-Bermudo and colleagues (1998) demonstrated that a  subunits 

bearing mutant cytoplasmic tails can rescue the phenotypes associated with null mutants. 

However, they appear excessively active altering muscle pattern formation by creating 

extra muscle attachments in the wrong positions and are embryonic lethal (Martin- 

Bermudo et al., 1998). This would suggest that the a  subunits cytoplasmic domain 

regulates the timing and position of attachment during development of the fly.

Mutations associated with certain vertebrate ECM molecules are associated with 

human pathological conditions that manifest as a result of defective development. Alports 

syndrome is caused by mutations within the X-linked COL4A5 gene that encodes the 

oc5(IV) collagen chain. Autosomal forms of the condition are associated with mutations in 

COL4A3 and COL4A4 genes (Mochizuki et al., 1994). It is characterised by progressive 

glomerulonephritis associated with loss of hearing (Barker et al., 1990; Antigenac et al.. 

1994; Olsen, 1995). Mutations compromise the stability of the basement membrane and 

can affect incorporation of other components during development. For example. 3 

patients with X-linked Alport syndrome affecting the a5(IV)chain demonstrated an 

absence of a3(IV) (Antigenac et al., 1994). The phenotype is localised because the 

affected genes have a restricted expression pattern. Other collagen based defects are 

reviewed and summarised by Olsen (1995).



I n  vivo  e x p e r im e n t a l  m o d e ls

Transgenic mice and gene knockout mice allow the function of any ECM 

component to be investigated in a vertebrate organism. Alterations of Collagen II by 

point mutation or gene deletions manifests as craniofacial defects such as cleft palate, 

severe chondroplasia and dwarfisim (Garofalo et al., 1991; Vandenberg et al., 1991). 

Mice with point mutations in the triple helix of collagen II produce viable progeny which 

die after birth from acute respiratory distress, as their lungs cannot inflate (Garofalo et al..

1991).

Homozygous null mutations of the fibronectin gene are embryonic lethal (George 

et al., 1993; reviewed by Watt & Hodivala, 1994). Abnormalities become obvious after 

the onset of gastrulation (E8). There are distortions of the ectoderm and deficiencies in 

head and trunk mesoderm. By stage E8, distortions of the head folds and neural tube are 

visible (George et al., 1993). Although there is variable severity, all null mutants fail to 

form a notochord or somites. Closer analysis suggests that this correlates to mesodermal 

defects. Although their lineage cells were induced at the correct time and notochord 

precursor cells migrated normally, condensation of the regions did not progress properly 

(George-labouesse et al., 1996). Defects associated with the cardiovascular system vary 

according to the severity of phenotype. In the most severe cases there is no heart (George 

et al., 1993). Lineage analysis of myocardial, endocardial and endothelial tissue, 

demonstrates that their cells are all specified by the detection of specific differentiation 

markers and localised correctly in the less severe background (George et al., 1997). This 

would suggest that other factors may affect the severity of the knockouts and that 

abnormalities arise during morphogenesis. Myocardial cell organisation is disrupted and 

the endocardium collapses. The developing aortae are distended and do not connect with 

the surrounding mesenchyme (George et al., 1997). The more severe mutant precursor 

cells are all specialised and localised but morphogenesis of the heart and aorta does not 

occur (George et al., 1997).

Evidently, fibronectin is important in embryogenesis. The null phenotype is not 

surprising considering the widespread expression of fibronectin through out the



developing vertebrate embryo. Its importance is also highlighted by studies of one of its 

receptors, integrin a 5Pi. I discuss integrin receptors in detail in section 1:3. Again, the 

receptor is also widespread and is essential for vertebrate development. Null mutations of 

both the a  and P subunits are embryonic lethal, although the phenotype is milder in both 

cases than in fibronectin null mutants (Yang et al., 1993; Watt & Hodivala, 1994; Fassler 

& Meyer 1995; Stephens et al., 1995; reviewed by Fassler et al., 1996).

0C5 Null mutants undergo extensive morphogenesis in comparison to fibronectin 

null mice. Abnormalities are apparent from E8.5, but embryogenesis proceeds until 10-11 

days of gestation (Yang etal., 1993). Wildtype embryos turn into the foetal position by 

E9 but mutants only partially turn by E9.5. The anterior portion develops normally but 

the posterior portion of the embryo is truncated, lacking notochord and somites (Yang et 

al., 1993). Mesodermal structures flanking the distorted neural tube are reduced and the 

distal aortae are not closed, leading to blood cell leakage. When cells from as null mutants 

are grown in culture they assemble focal contacts, and a fibronectin rich matrix and migrate 

on fibronectin. Goh et al., 1997, found that a 5Pi is not essential for the initial 

commitment of cells to terminal differentiation. Instead it is crucial for the maintenance of 

derivatives in postgastrulation and for the survival of some neural cells. For example 

subpopulations of cranial neural crest cells of the hyoid arch are dependent on a 5 for cell 

survival. Expression of mesodermal differentiation markers, sonic hedgehog and 

brachyury, is discontinuous within the notochord due to degeneration of the tissue 

structure and non maintenance of gene expression (Goh et al., 1997). Disorganisation of 

the posterior signals correlates with misexpression of Pax-3 and reduced levels of Pax-1 

expression. Anterior HoxB gene expression is normal in nulls, accounting for the normal 

development of anterior structures. However, the posterior HoxB and Hoxb-9 gene 

expression levels are much lower in a 5 null embryos (Goh et al., 1997).

Two groups published data on knockouts of the pi integrin subunit in mice 

(Fassler & Meyer, 1995; Stephens et al., 1995). Null blastocysts fail at the 

preimplantation stage, E4.5, when the inner cell mass (ICM) starts to deteriorate before 

the trophoblast (Fassler & Meyer, 1995; Stephens et al., 1995). Formation of the



proamniotic cavity shortly after implantation is dependent on integrin-ECM interactions. 

Ultimately, this process should normally produce two cell layers, an endoderm and 

ectoderm, separated by a basement membrane. The failure of trophoblast development in 

null mutants could be attributed to either an intrinsic requirement for pi at a later stage or 

lack of trophic signals in pi null cells (Fassler & Meyer, 1995; Stephens et a l, 1995).

Introduction of pi null cells into a wild type blastocyst created viable chimeras in 

which pi-negative cells contribute at low levels to some, but not all, differentiated tissues 

(Fassler & Meyer, 1995). Null cells failed to colonise the liver and spleen and in all other 

tissues levels were between 2-25% of the total cell population. Muscle myotubes were a 

mixture of null and wild type cells fused together. Tissues derived from neural crest cells 

also contained Pi deficient cells. The development of neural crest derivatives with a mix 

of null and wild type indicated that the migration of neural crest cells was not affected by 

Pi deficiency (Fassler & Meyer, 1995). It is possible that compensation mechanisms 

were in action involving non integrin receptors, or other classes of integrin heterodimers. 

The distinction between the a5 and pi null phenotypes is consistent with pi having 

many a  partners.

It is clear from these mouse models, in particular the fibronectin, pi and a 5 null 

mutants, that cell-matrix interactions are crucial in development as the primary effects are 

at the level of adhesion.

E v id e n c e  f r o m  i n  v i t r o  s t u d ie s  u s in g  c e l l  c u l t u r e  m o d e l s

To study the mechanisms underlying differentiation and development a number of 

cell culture models derived from organ systems have been established. In contrast to in 

vivo models these systems are more simple as they consist of isolated cell types. Their 

environments can be easily manipulated by adding peptides, pharmacological agents or 

functional perturbing antibodies. Yet they are limited as to their physiological relevance 

(Watt 1991; Adams & Watt, 1993). Combining these studies with in vivo models 

provides a rounded view.



Skeletal muscle formation is based around precisely choreographed events of cell 

lineage commitment, migration, differentiation, morphogenesis and cell-cell interactions 

(reviewed Knudson, 1990; Miller, 1992). The process begins as cells with myogenic 

potential migrate from somites to areas destined to form muscle. A period of proliferation 

is followed by withdrawal from the cell cycle, cell aggregation and fusion into 

multinucleate myotubes. Primary muscle fibres are formed by E13-14 in the embryonic 

mouse and secondary stages continue through foetal development, as secondary fibres 

form from organising primary fibres, giving rise to rosette formations. Development also 

continues postnatally as fibres mature. ECM interactions with developing myoblasts and 

muscle fibres have been shown to be important in muscle development and differentiation.

Muscle fibres are surrounded by a basement membrane comprised of collagen type 

IV, laminin, nidogen and heparan sulphate. These are connected and organised together by 

an interstitial connective tissue composed of fibronectin, collagen types I, III and V. 

Differentiation of rodent muscle cell lines is affected differently by laminin and by 

fibronectin. Cell surface fibronectin decreases after fusion of myoblasts into myotubes. 

Exogenous addition of fibronectin blocked fusion but increased proliferation. Removal of 

cell surface fibronectin by mild trypsinisation increased myoblast fusion rates which were 

also enhanced by treatment with anti-fibronectin antibodies (Podleski et al., 1979). On 

fibronectin cell motility is reduced and a fibroblastic morphology with stabilised 

cytoskeleton is promoted (Ocalan et al., 1988). Observation of cultured adult skeletal 

muscle satellite cells has shown that fibronectin is synthesised during proliferation and 

expelled into the extracellular medium when the myotubes differentiate (Moigne et al.. 

1990). The importance of fibronectin in matrix is illustrated in null mutations of the 

fibronectin gene in mice, as described previously (George-labouesse et al., 1996). 

Fibronectin appears to be important in morphogenesis of muscle. Cell lineages are 

induced at the correct time but they do not undergo condensation into somites (George- 

labouesse etal., 1996).

As cells terminally differentiate into myotubes, they become less responsive to 

laminin. Laminin stimulates motility and DNA synthesis in myoblast cells inducing a 

bipolar morphology (Ocalan et al., 1988; Yonder Mark & Ocalan, 1989; Goodman et al..



1989; Funanage etaL, 1992). Primary mouse myoblasts differentiate and fuse on laminin 

whilst culture on fibronectin results in a less differentiated phenotype (Von der Mark & 

Ocalan, 1989). The differences in the effects of fibronectin and laminin on myogenesis 

imply differences in cell surface interactions with the ECM.

As mentioned major receptors for fibronectin and laminin include integrins. in 

particular the pi class of integrin heterodimers. I discuss the structure and function of 

these receptors in detail in section 1:3. a 7Pi was isolated originally from differentiating 

skeletal muscle as a laminin receptor that was developmentally regulated during 

myogenesis (Song et al., 1992; George-Weinstein et al., 1993). A lactosidase-binding 

protein (L-14) appears to modulate the interactions of oc7pi with the ECM. L-14 is 

synthesised by proliferating myoblasts in vitro but is not secreted until terminal 

differentiation begins. Treatment of myoblasts, plated on laminin, with purified L-14 

blocks spreading and fusion (Cooper & Baronedes, 1990; Cooper et al., 1991). Although 

a 7Pi has been demonstrated to interact with fibronectin the interaction is not subject to 

modulation by L-14. In contrast L-14 binds to both laminin and a 7pi demonstrating that 

modulation by L-14 is selective (Gu et al., 1994). The pi integrin subunit has a number of 

splice variants, pjA, p1B, Pic and Pid- During myogenesis p 1A is predominant but this 

subunit is down regulated as myodifferentiation progresses. Terminal differentiation 

coincides with the appearance of the piD isoform which displaces PiA as the predominant 

form in skeletal muscle (Van der Flier et al., 1995; Zhidkova et al., 1995; Belkin et al.. 

1996; 1997). Such modifications to the structure of ECM molecules and cell surface 

receptors may well alter the information passed onto the cell.

C  M a in t a in in g  t issu e  h o m e o st a sis  in  a d u l t  t is s u e

Interactions between cells and the extracellular matrix are also tightly controlled 

within adult tissue to maintain tissue integrity. Mechanisms maintaining tissue and cell 

homeostasis are dependent on ECM-mediated interactions. Loss of tissue and cell 

homeostasis occurs in pathologies that affect these cell-matrix interactions.



D is e a s e s  a f f e c t in g  t h e  b a se m e n t  m e m b r a n e s  o f  t issu e s

A number of pathological disorders affecting the metabolism, structural integrity' 

and organisation of basement membranes provide an opportunity of illustrating the 

importance of cell-matrix interactions in tissue homeostasis in adult tissues (Schittny & 

Yurchenco, 1989; Olsen, 1995).

M u s c u l a r  D y s t r o p h ie s

Muscular dystrophies are a group of hereditary diseases which manifest primarily 

in skeletal muscle. They are associated with progressive degeneration of muscle tissue 

that causes crippling disabilities and early death from loss of lung and heart function in 

patients (reviewed by Campbell, 1995; Worton, 1995). Molecular explanations for the 

clinical phenotypes were advanced when the dystrophin gene was cloned. Its absence 

from muscle was identified as the cause of X-linked Duchenne muscular dystrophy 

(DMD). Changes to its structure or expression levels accounted for the milder form. 

Becker’s muscular dystrophy (BMD). Dystrophin is a component of the dystrophin

glycoprotein complex that anchors and stabilises the sarcolemma, the membrane around a 

single muscle fibre. Dystrophin binds F-actin and connects it to a multi-protein complex 

through its interactions with other glycoprotein components (Fig. li; Hemmings et al., 

1992). Externally the muscle laminin a2 chain interacts with a-dystroglycan, a cell 

surface proteoglycan which is tightly associated with the other integral membrane 

proteins of the dystrophin-glycoprotein complex.

The linkage provides mechanical support and stabilisation of the muscle fibre, 

protecting the sarcolemma from stresses associated with muscle contraction. In the 

absence or mutation of dystrophin this connection with the basement membrane is 

disrupted and weakened. Therefore, muscle contractions result in continual damage to the 

sarcolemma and muscle cell necrosis, compromising the structural integrity of the muscle 

fibres (Campbell, 1995; Worton, 1995). Further evidence has been derived from studies 

of dystrophin deficient mice (mdx) which present contraction-induced damage to 

sarcolemma (Petrof et al., 1993). DMD and BMD provide examples of genetic effects 

that disrupt the subsarcolemmal side of the sarcolemma-basement membrane association.
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Laminin 2 is identified as the native ECM ligand of a-dystroglycan (Ibraghimov cl 

al., 1992). Loss of function mutations in the laminin gene are associated with a 

heterogeneous group of severe autosomal recessive neuromuscular diseases, classed as 

congenital muscular dystrophy (CMD) (Tome et al., 1994). Clinical phenotypes are 

visible at birth or in the first few months as muscle weakness, hypotonia, joint 

deformities and severe and early contractures. The absence of laminin from CMD muscle 

may disrupt the sarcolemmal linkage with the basement membrane. The inbred 

dystrophic mouse strains dy/dy and d ^ /d y 2,1 have deficiencies in the laminin a l  chain 

(Sunada et al., 1994; Xu et al., 1994). They present a similar phenotype to patients with 

CMD and so provide an animal model for studying the molecular basis of this group of 

diseases. Expression studies highlight specific laminin 2 deficiencies in skeletal muscle, 

cardiac muscle and peripheral nerve (Sunada et al., 1994; Xu et al., 1994). The dy^/dy11 

mice are fertile and live a normal lifespan although they express a truncated a l  chain 

which can not self aggregate because it lacks domain VI (Xu et al., 1994). The most severe 

phenotype is associated with the dy/dy mice who lack the a l  chain and die within 3-4 

months, illustrating that a functional laminin a l  chain is important in a range of basement 

membranes. A similar deficiency has been identified for a family with CMD who express 

a premature termination of the a l  chain within the coiled-coil domain (Helbling cl al..

1995).

Evidently the muscular dystrophies indicate that the ECM and its associations 

with cells are important for the overall structural integrity of the system. Altering or 

removing one component of the linkage with the basement membrane can have drastic 

effects, such as loss of laminin a l  chain in the dystrophic mouse causes premature death. 

This implies that the ECM is important for maintaining tissue homeostasis of the muscle 

and disrupting the balance can have severe consequences.

B l is t e r in g  d is o r d e r s  o f  t h e  e p id e r m is

Another good example of what can happen if ECM-cellular interactions are 

disrupted are presented in a group of mechano-bullous diseases, epidemolysis bullosa



(EB). These are characterised by fragility of the skin and mucous membranes and fall into 

three groups: (a) simplex (non-scarring) associated with mutations in the epithelial 

intermediate filaments, keratins, and present as intraepithelial blistering; (b) dystrophic 

(scarring) splits at the subepthelial level of the basement membrane; and (c) junctional, 

causes tissue separation at the level of the lamina lucida affecting the dermo-epithelial 

junction. They demonstrate the importance of cell-matrix interactions in the dermo- 

epithelial adhesion and tissue integrity.

D y s t r o p h ic  e p id e r m o l y sis  b u l l o s a  (D E B ) is characterised by trauma-induced 

blistering of the skin and mucosal membranes causing atrophic scarring. DEB occurs in 

dominant (DDEB) and recessive (RDEB) forms which have different subtypes of clinical 

presentation and severity. All express cleavage beneath the lamina densa and variable 

anchoring fibril defects (Hashimoto et a l , 1976; Tidman & Eady 1985). Hallopeau- 

Siemens type (HS-RDEB) is recognised as the most severe form causing widespread 

blistering of the mucosal membranes and skin. Severe scarring results in fusion of the 

digits, loss of nails, oesophageal strictures and flexural contractures (McGrath el a/..

1992). Patients display absence or change in the anchoring fibrils and collagen VII in the 

basement membrane.

Type VII collagen is the major component of anchoring fibrils which connect the 

basement membrane to the underlying stroma (Fig. lii; Sakai et a l , 1986; Burgeson et al. 

1990). These extend from the lamina densa of the basement membrane and loop among 

the interstitial collagen fibrils of the papillary dermis or insert into basement membrane

like structures called anchoring plaques to provide a strong attachment (Borradori & 

Sonnenberg 1996). Mutations within the COL7A1 gene that encodes collagen type VII 

have been associated with dominant and recessive forms of DEB (Christiano et a l , 1994: 

Hovnanian et al., 1994). For example in one form of DDEB, substitution of a glycine 

residue for a serine within the triple helix domain has deleterious effects on the protein 

structure compromising the anchoring fibrils (Christiano et a l , 1994).



Keratin 
Intermediate 

filaments 
(5  &  14)

Lamina lucida 
contains laminin V 
anchoring network

Interstial

Gcllagen

Lamina Densa contains 
collagen type IV and 

laminins

Anchoring 
filam ents 

type VII 
Collagen

Anchoring 
plaque of type  

IV College i

Fig. Hi Schematic model o f a hemidesmosome in basal keratinocytes of the dermo- 

epidermal junction (Borradori & Sonnenberg, 1996).



J u n c t io n a l  E B  (J E B ) is characterised by tissue separation below intact basal 

cells at the level of the lamina lucida of basement membranes. The majority of cases are of 

the generalised Herlitz phenotype (H-JEB) and so patients are categorised as non H-JEB 

or H-JEB types. Generally, the clinical phenotype is presented as mechanical skin 

fragility, with widespread blistering and erosions, rapid deterioration and neonatal death 

usually from secondary infections. Long time survival is very rare. The disease is 

genetically heterogeneous. Mutations in the LAMC2 gene which encodes the y2 chain of 

laminin 5 are associated with JEB (Aberdam et al., 1994; Pulkkinen et al., 1994). Laminin 

5 is a component of the anchoring filaments that assemble in association with 

hemidesmesomes to attach the epidermis to its basement membrane and underlying 

stroma.

Studies of a patient with pyloric atresia JEB (PA-JEB), severe blistering of the 

skin was shown to be associated with mutations in both alleles of the p4 integrin gene. 

The disorder displays a dermo-epithelial split between the basal keratinocytes and the 

basement membrane possibly due to a loss of cell-matrix adhesion. The effects are not as 

extensive but do resemble the phenotype displayed by p4 null mice (Van der Neut el a I..

1996). The agP4 integrin is concentrated in hemidesmosome adherence structures 

associated with epithelial adhesion to the basement membrane. Hemidesmosomes are 

multiprotein complexes which provide extra mechanical strength in areas of stress. The 

molecular interactions of hemidesmosomal proteins is currently understood (reviewed 

Borradori & Sonnenberg 1996; Burgeson & Christiano, 1997). Briefly, a 6p4 and collagen 

type XVII provide transmembrane linkage of the hemidesmosomal plaque proteins to the 

basement membrane. Collagen type XVII interacts with multiple components of the 

basement membrane which include collagen IV and perlecan. ot6P4 Interacts specifically 

with laminins, especially laminin 5 (See Fig. lii).

Inactivation of the p4 gene in mice causes early postnatal death and severe 

epithelial detachment with absence of hemidesmosomes. Partial compensation by a 3P|. 

an alternative laminin 5 receptor, was demonstrated by its relocalisation to the basal 

surface in null cells, as compared to the basolateral surface in wild type (Van der Neut el



al., 1996). The human pathological condition PA-JEB, which is less severe than the 

phenotype of p4 null mice, is possibly due to the presence of incomplete 

hemidesmosomal structures which are absent in the null mice (Vidal et al., 1995; Van der 

Neut et al., 1996). Absence of the hemidesmosomes leads to a lack of attachment 

complexes to the keratin intermediate filaments in the basal epithelial cells. Therefore, the 

intermediate filament network is compromised and the ability of the basal keratinocytes 

to tolerate mechanical stress is reduced. Thus, the EBS disorders all clearly show that 

ECM-cell interactions are very important to the stmcture of the epidermis.

1:2 THROMBOSPONDIN-1

Among the many components of ECM, glycoprotein Thrombospondin-1 (TSP-1) 

is of particular interest. TSP-1 displays temporally and spatially regulated expression in 

many tissues, indicating a possible generic role in the regulation of cell behaviour. TSP-1 

is also an unusual ECM protein in that it can bind large amounts of calcium ions and 

display both adhesive and anti-adhesive properties. TSP-1 was initially identified by its 

release from the a-granules of intact platelets in response to thrombin (Baenziger et al.. 

1971, 1972; Lawler et al., 1978). Biochemical analysis and electron microscopy defined 

platelet TSP-1 as a trimer with a molecular weight of 420kDa, made up of 3 polypeptide 

chains of 140kDa (Fig. liii). It belongs to a family of multidomain glycoproteins which 

share a gradient of amino acid sequence conservation from the amino to the carboxyl 

terminus of all family members (Fig.liv). Kobayashi and coworkers (1986) described 

partial sequence of human TSP-1 from a region close to the amino terminus, with 

significant homology to a conserved region of malarial circumsporozoite proteins. Lawler 

and Hynes (1986), reported the cloning of full length TSP-1 from a human endothelial cell 

cDNA library. Each monomeric arm consisted of globular N and C-termini, a procollagen 

homology domain and three regions of repeats, the type 1, type 2 and type 3 repeats. 

The trimerisation domain is near the amion-terminus (Fig. liv; Lawler & Hynes, 1986).
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A  S  TRUCTURE OF THROMBOSPONDIN-1

TSP-1 is composed of 1152 amino acids and is posttranslationally modified by N- 

linked glycosylation and p-hydroxylation (reviewed by Adams et al 1995; Adams, 1997). 

The N-terminal domain contains two heparin BBXB binding motifs. Within TSP-1. the 

interchain disulphide bridges that create TSP-1 trimers involve a short linear region C- 

terminal to the amino terminus (Adams et al., 1995). The sequence contains six cysteine 

residues of which cysteines 252 and 256 have been implicated in the formation of 

interchain disulfide bridges (Adams et al., 1995).

T h e  p r o c o l l a g e n  h o m o l o g y  d o m a in

The procollagen homology domain earns its name from the similarities it shares 

with the cysteine rich regions of type I and II procollagen alpha I chains. These regions 

are removed in procollagen to produce mature collagen molecules and its hallmark in TSP-

1 is the spacing of ten cysteine residues (Adams et al., 1995). These domains are also 

found in von Willebrand factor (Hunt & Barker, 1987). Removal of the procollagen 

domain from TSP-1 results in defective oligomerisation. Dimers are detected but there is 

an absence of trimeric molecules, suggesting that the domain may be involved in trimer 

formation (Lawler et al., 1992).

T h e  c e n t r a l  r o d  d o m a in

The central rod region of TSP-1 contains two sets of repeats, the type 1 and type

2 repeat domains, representing a protease resistant region of the molecule (Adams et al.. 

1995). The type 1 repeats are also found in TSP-2, properdin, UNC-5, F-spondin and 

SCO-spondin and are also known as properdin repeats (Smith et al., 1991; Leung- 

Hagesteijn et al., 1992; Klar et al., 1992; Gobron et al., 1996). These proteins except. 

TSP-2, are otherwise unrelated. Properdin, a protein of the alternative complement 

pathway, is almost entirely composed of repeats (Smith et al., 1991). UNC-5, F-spondin 

and SCO-spondin, are all neural adhesion molecules involved in neurite outgrowth in the 

developing central nervous system (Leung-Hagesteijn et al, 1992; Klar et al., 1992; 

Gobron et al., 1996).



Deletion of the three type 1 repeats from TSP-1 produces an unstable subunit 

with increased sensitivity to proteolysis (Lawler et al., 1992). Although stability is low 

trimers still form (Lawler et al., 1992). The type 2 repeats are related to the epidermal 

growth factor (EGF) repeats. Removal of the type 2 repeats alters stability and increases 

susceptibility of TSP-1 to proteolysis (Lawler et al, 1992;). Current thinking is that these 

EGF-like repeats act as a structural spacer for the TSP-1 molecule.

T h e  c a r b o x y l -t e r m in a l  d o m a in

TSP-1 contains seven type 3 repeats within the carboxyl terminal domain. Each 

repeat is a conserved pattern of 38 amino acids rich in aspartic acid. Overall, the region is 

highly conserved within the TSP family and each repeat bears homology with the calcium 

binding domains of calmodulin. The TSP-1 monomer is calculated to potentially bind 36 

calcium ions (Klee et al., 1980; Lawler & Hynes, 1986; Misenheimer & Mosher, 1995). 

Located in the last type 3 repeat is an RGD cell-binding motif recognised by the integrins 

a vp3 and anbP3 (Lawler et al., 1988; Tuszynski et al., 1989). Consistant with its 

presence in a calcium binding region, its activity is reportedly modulated by calcium 

(Lawler et al., 1988; Tuszynski et al., 1989). Cysteine 974 in the C-terminal domain 

forms a disulphide bridge with the last type three repeat. The region of highest 

conservation between family members is the carboxy globular domain of 240 amino acids. 

For example there is 87% homology between TSP-1 and TSP-2.

B  C a l c iu m  b in d in g  a n d  effe c t s  o n  TSP-1 c o n f o r m a t io n

The conformation of TSP-1 is calcium dependent and calcium binding appears to 

reduce the sensitivity of TSP-1 to proteolysis. Fragmentation patterns of thrombin, 

trypsin or chymotrysin treated TSP-1 are different when prepared in the presence of 

calcium or EDTA (Lawler et al., 1982; Lawler & Simons, 1983). These differences are 

dependent on the calcium ion concentration and are associated with local alterations of 

conformation that mask or reveal cleavage sites. EDTA treatment alters the fluid 

properties of TSP-1, implicating changes in conformation (Lawler et al., 1982). TSP-1 

purified in the presence of calcium has a higher sedimentation coefficient than EDTA 

purified TSP-1. This increase may reflect a change in molecular weight associated with



calcium binding. Sucrose density gradients confirm that the observed molecular weight 

changes are due to calcium binding (Lawler et al., 1982). The circular dichroism (CD) 

spectra of TSP-1 is affected by the presence of EDTA and provides information on the 

overall secondary structure of TSP-1 (Lawler & Simons, 1983). Titrating calcium 

concentration in a CD spectra reveals the cooperative nature of TSP-1 calcium binding 

activity (Lawler & Simons, 1983). Visually, EM studies show that the trimeric structure 

of TSP-1 alters when calcium is removed (Lawler et al., 1982; Lawler & Hynes, 1986). In 

the presence of calcium the structure is composed of 4 globular domains (N-terminal and 

C-terminal domains) which are connected by flexible regions (central rod region). Removal 

of calcium increases overall asymmetry and reduces the diameter of the three globular 

carboxy domains elongating the arms (Lawler et al., 1982). The microscopy studies 

confirm the biochemical data which describes TSP-1 as a calcium binding protein whose 

molecular conformation is dependent on calcium.

The aspartic acid rich type 3 repeats, were described as calcium binding sites 

because of their homology to calmodulin’s calcium binding sites (Klee et al., 1980; Lawler 

& Hynes, 1986). Intrachain disulphide bonds between two cysteine residues present in 

each of the type 3 repeats stabilise the domain. The type 3 repeats represent the portion 

of the carboxy globular domain, visualised by EM, that adopts an elongated conformation 

in the presence of EDTA (Lawler & Hynes, 1986). Two monoclonal antibodies, A6.1 

and D4.6 bind strongly to TSP-1 in the presence of EDTA (Dixit et al., 1986). Binding is 

calcium dependent and their epitopes have been mapped to the region containing the type 

3 repeats (Dixit et al., 1986). Spin labelling studies by Slane et al., (1988) demonstrated 

that calcium effects on TSP-1 involve a region close the carboxy terminal domain, the type 

3 repeats.

C E x p r e ssio n  a n d  m o d u l a t io n  o f  TSP-1

E x p r e s s io n  in  d e v e l o p in g  sy st e m s

TSP-1 expression is highly regulated during development in a temporal and spatial 

fashion. In the mouse blastocyst the expression pattern is general, as TSP-1 is associated 

with all three cell types, ectoderm, endoderm and inner cell mass (O’Shea et al., 1990).



As embryogenesis progresses TSP-1 expression becomes localised in many basement 

membranes and appears at low levels within the mesenchyme (O’Shea & Dixit, 1988). 

This work involved the use of antibodies against platelet TSP-1. Expression patterns 

within the mouse become more complex as TSP-1 localises to distinct populations of cells 

during organogenesis, such as myoblasts. TSP-1 is present on the surface of 

undifferentiated myoblasts and at lower levels is associated with myotubes. These levels 

drop as birth approaches. Within mesenchyme tissue TSP-1 expression persists as cells 

condense to form the ribs and vertebrae (O’Shea & Dixit, 1988; Corless et al., 1992). 

Because studies at the protein level may be complicated by antibody cross reactivity to 

other TSPs, TSP-1 expression has now also been studied at the mRNA level (Bornstein et 

al., 1991; Laherty eta l., 1992; Iruela-Arispe etal., 1993; Tuckered/., 1997).

At the start of chondrogenesis TSP-1 mRNA levels are high and in the chick in 

situ hybridisation reveals that mRNA expression is restricted to the early chondrocytes 

(Tucker et al., 1997). Levels drop within chondrocytes, confirming immunological studies 

which demonstrate a lack of staining of cartilage except for a rim of staining associated 

with the merging of the surrounding mesenchyme and chondrocytes (Corless et al., 1992; 

Iruela-Arisepe et al., 1993). TSP-1 is also detected in developing basement membranes, in 

particular the areas associated with branching epithelia (O’Shea & Dixit, 1988). For 

example, mRNA levels with developing lung are high (Bomstein et al., 1991; Tucker et al..

1997). Protein is detected within the columnar epithelium and bronchi and mRNA 

expression within the presumptive bronchial tree is most prominent from El 5-El 6 and 

persists to E l8 (O’Shea & Dixit, 1988; Iruela-Arisepe et al., 1993). In situ analysis 

reveals mRNA hybridisation at the ends of growing bronchioles, supporting the notion of 

that TSP-1 is associated with branching epithelia (Tucker et al., 1997).

TSP-1 mRNA is detected at low levels in fertilised Xenopus eggs, indicating that 

the mRNA is maternally derived (Urry et al., 1998). By the end of gastrulation, zygotic 

expression of TSP-1 is initiated and levels increase as mRNA accumulates through the 

tadpole stages. Early embryogenesis sees a broad expression of TSP-1, appearing first 

within the floorplate and hindbrain regions. (Urry et al., 1998). As with mouse



development this pattern becomes more restricted and specific as development procedes 

(Urry et al., 1998).

E x p r e s s io n  in  a d u l t  t issu e s

Within adult tissue, TSP-1 expression is tightly regulated and is increased during 

wound healing. High levels of TSP-1 mRNA are detected in lung tissue within adult mice. 

Immunological staining demonstrated TSP-1 localisation to the basement membranes of 

epidermal glands and the lung (O’Shea & Dixit 1988; Wight et al., 1985; Iruela-Arisipe et 

al., 1993). Immunocytochemistry also indicated staining of the dermal-epidermal junction 

and around skeletal muscle. This was confirmed by EM studies of porcine epidermis 

which showed that TSP-1 connects the basal lamina to the collagen fibrils of the 

underlying connective tissue (Arbeille et al., 1991). At birth, TSP-1 is virtually absent 

from mouse skeletal muscle, however protein progressively increases with postnatal 

development in muscle endomysium (Hantai et al., 1991). Crushing the length of rat 

soleus muscle, using haemostats, elicits a transient high level expression of TSP-1 within 

the vascular bed and endomysial connective tissue, several hours after injury (Watkins et 

al., 1990). Levels peak about 4 days after injury in association with fibrosis, myoblast 

division and fusion into myotubes, then return to basal levels by the 7th day following 

trauma (Watkins et al., 1990).

D TSP-1 SYNTHESIS, DEPOSITION AND DEGRADATION 

TSP-1 SYNTHESIS

Expression of TSP-1 is tightly modulated by a number of soluble factors that act 

either at the level of transcription or posttranslationally (reviewed by Adams et al., 1995: 

Adams, 1997). Early studies on serum starved cells observed a rapid serum dependent 

stimulation of TSP-1 mRNA levels and enhanced secretion from smooth muscle cells 

(Majack et al., 1985; 1987). Purified platelet derived growth factor, PDGF, had the same 

effect, stimulating a rapid increase in mRNA levels in a dose dependent manner. The 

effects were enhanced by cyclohexamide and blocked by actinomycin D treatment, an 

inhibitor of DNA dependent RNA synthesis (Majack et al., 1985; 1987). Protein



production was detected 60 min after PDGF treatment, peaking at 2hrs before returning 

to a basal level after 5 hrs. Anti-PDGF antibodies reduced expression of TSP-1 in anti- 

Thyl nephritis rats. Nephritis rats and normal rats infused with the purified PDGF 

growth factor induced expression of TSP-1. Xyloside treatment of cells increases both 

TSP-1 mRNA and protein levels this contrasts with the downregulation of fibronectin 

production under these conditions (Canfield et al., 1994).

Other cytokines also modulate TSP-1 gene expression. Transforming growth 

factor-pl (TGF-pi) can also induce high level expression of TSP-1 (Negoescu et a l , 1995: 

Adams 1997; Jakowlew e/1 a/., 1997). Adrenocortical thyroid hormone, ACTH stimulates 

low level secretion of TSP-1 from adrenocortical cells (Negoescu et al., 1995). Treatment 

of these cells in culture with TGF-pl increases TSP-1 synthesis 3-fold in a time and dose 

dependent manner. The effect is blocked by RNA polymerase inhibitors (Negoescu et al. 

1995). Transient induction of TSP-1 synthesis by TGF-(3l is seen in cultured bronchial 

epithelial cells, whilst the effect is persistent in non-small cell lung cancer (Jakowlew et 

a l , 1997). In contrast, TNFa downregulates expression of TSP-1 via posttranslational 

effects (Adams, 1997).

A number of oncogenes have been implicated in the regulation of TSP-1 gene 

expression. Overexpression of V-src in fibroblasts induces a transient increase in TSP-1 

expression followed by long term repression (Slack & Bomstein, 1994). Transitory 

expression of c-jun represses TSP-1 gene expression in primary and long term cultures of 

fibroblasts. Stable lines transfected with ras or c-jun also demonstrated TSP-1 gene 

repression (Mettouchi et a l, 1994). An mRNA which is homologous to the untranslated 

3’ end of human TSP-1 gene and avian TSP-1 is downregulated by recombinant Mvc 

retroviruses in fibroblasts (TikHonenko et a l, 1996). Very low levels of TSP-1 protein 

are detected in infected cells which cannot efficiently express reporter genes under the 

influence of a TSP-1 promoter (TikHonenko et a l, 1996). The tightly regulated 

expression of TSP-1 in vivo presumably involves the mechanisims discussed above. 

These mechanisims would ensure that synthesis is concentrated at appropriate sites such 

as wounds and other sites of trauma and in development (Adams, 1997).



M a t r ix  a s se m b l y  a n d  d e p o s it io n  o f  TSP-1

In culture, many cells secrete TSP-1 into the medium or incorporate it into their 

ECM (Mosher et al., 1982; Hantai et al., 1991; Adams & Lawler, 1994). Mosher et al.. 

(1982) first detected TSP-1 in culture medium from confluent human umbilical vein 

endothelial cells, HUVEC, after 8hrs. Treatment of rat aortic smooth muscle cells (SMC) 

with heparin and heparin sulphate had no effect on the PDGF stimulated synthesis of' 

TSP-1, but did alter the incorporation of TSP-1 into the ECM in a dose dependent 

manner. Subsequently, levels of TSP-1 within the medium increased (Majack et al.. 

1985). Thus the extracellular composition of the matrix may regulate TSP-1 deposition. 

TSP-1 in tissues and cultured cells is detected in small granular patches. These are 

distinct from the network of fibronectin, collagen and elastin fibrils (Vischer et al., 1988). 

TSP-1 is concentrated with fibronectin and proteoglycans at sites of endothelial cell 

attachment and in migratory tracks (Vischer et al., 1988). Studies of TSP-1 matrix 

assembly by endothelial cells as a function of cell density and culture age demonstrate that 

initially the ECM in sparse cultures is dense and amorphous (Dreyfus & Lahar, 1988). 

With time TSP-1, fibronectin and von Willebrand factor become organised into fibrils as 

the cells remain confluent. The coincidence of TSP-1 with the other two components also 

increases with time (Drefus & Lahav, 1988).

TSP-1 DEGRADATION

When human TSP-1 is added exogeneously to fibroblasts in culture, it rapidly 

associates with the cells, reaching a steady state after 45 mins (Mckeown-Longo et al..

1984). A portion of the bound material is degraded to a trichloroacetic acid (TCA) soluble 

form by the cells which is first detected after 30 mins. The process reaches saturation at 

concentrations of TSP-1 greater than 20 (ig/ml and can be inhibited by chloroquine or 

incubation at 4 °C (Mckeown-Longo et al., 1984). Chloroquine, a lysosomal protease 

inhibitor, prevented degradation even in the presence of conditioned medium from cells 

not treated with the amine. This suggests that degradation occurs by endocytosis and 

lysosomal degradation of TSP-1 and not by the actions of a secreted protease (Mckeown- 

Longo et al., 1984). The low density lipoprotein receptor-related protein (LRP) is



implicated in the endocytosis and degradation of TSP-1 in vascular smooth muscle cells 

(Godyna et al., 1995). Uptake and subsequent degradation is inhibited by the receptor 

associated protein (RAP) which blocks ligand binding to LRP. Treatment of the cells 

with soluble heparin, heparitinase chondroitinase and (3-D-xyloside all prevent TSP-1 

catabolism (Godyna et al., 1995). This would suggest that proteoglycans are probably 

also involved in LRP mediated clearance of TSP-1. Studies using iodinated recombinant 

TSP-1 heparin binding domain and fibroblasts genetically deficient for LRP, suggest that 

LRP is the primary mediator of TSP-1 endocytosis (Mikhailenko et al., 1997).

E B io l o g ic a l  f u n c t io n s  o f  TSP-1

B io l o g y  in  t h e  v a s c u l a r  s y st e m

Upon release from platelet a  granules, TSP-1 participates in platelet aggregation 

and maintenance of the developing thrombus on the endothelium of the vessel wall. It 

also regulates clot fibrinolysis and degradation during thrombus resolution. Platelet 

aggregation and clot formation are triggered by direct injury to the endothelium or tissue 

damage leading to an inflammatory infiltration. During platelet aggregation and thrombus 

development TSP-1 becomes associated with a number of proteins which include 

fibrinogen, plasminogen, urokinase, factor XHIa and histidine rich glycoprotein which are 

released from platelet granules, or endothelial cells (Leung & Nachmen, 1982; Silverstein 

1984; Bale etal., 1985; Silverstein etal., 1985).

Originally TSP-1 was isolated from thrombin activated platelets and observed to 

associate with their surfaces (Baenziger et al., 1971; 1972). Submaximal activation of 

platelets by low concentrations of thrombin (0.2U/ml human platelets), is progressively 

inhibited by increasing amounts of exogenous TSP-1 which interferes with inter-platelet 

recognition (Kao et al, 1986). The effect is blocked by Fab fragments of anti-TSP-1 

antibodies (Kao et al., 1986). TSP-1 also potentiates aggregation of platelets activated by 

higher concentrations of thrombin and facilitates the aggregation of unstimulated platelets 

(Wolff et al., 1986; Tuszynski et al., 1988). The inhibitory effects of antibodies to the N- 

terminal heparin binding domain and C-terminal domain, or heparin binding peptides from



the amino-terminal domain suggest that the N and C-terminal regions are involved in 

platelet aggregation (Gartner et al., 1984; Dixit et al., 1985; Kosfeld & Frazier, 1993: 

Legrand etal., 1994; Chung et al., 1997).

TSP-1 colocalises in a calcium dependent manner with fibrinogen and the an bp;, 

integrin on the surfaces of activated platelets (Philips et al., 1980; Asch et al, 1985). A t 

the platelet surface it specifically complexes with fibrinogen and fibrin within the 

developing thrombus (Leung & Nachman, 1982; Leung, 1984). Copolymerisation of TSP- 

1 with fibrin allows it to become an integral component of the thrombus (Bale et al..

1985). This association is stabilised by the crosslinking of TSP-1 by factor XHIa (Bale et 

al., 1985; Bale & Mosher, 1986). By promoting the agglutination and aggregation of 

platelets and associating tightly with fibrin and fibrinogen, TSP-1 crosslinks the clot 

meshwork and stabilises the thrombus. TSP-1 also regulates fibrinolysis by inhibiting the 

activity of enzymes such as urokinase (Mosher et al., 1992; Silverstein et al., 1984).

I n  s o l id  t issu e s

Interactions between TSP-1 and other ECM components coordinate effects on cell 

adhesion, migration and proliferation. It is thought that these ultimately influence and 

mediate tissue homeostasis and strong evidence for this view is now provided by the 

phenotype of TSP-1 knockout mice (Lawler et al., 1998). Although in vitro data would 

suggest that TSP-1 is critically important in a wide range of tissues, null mice do survive 

birth. However, reduced numbers of null offspring from both heterozygous and 

homozygous crosses indicated that there was a reduction in the viability of null embryos 

of about 20%. Mice that were bom appeared normal for 90 days after which they 

developed pneumonia. Fertility was also affected with fewer litters produced by 

homozygous mice compared to wild type mice. Wild type pairings produced on average 

45 offspring, compared to 16 by homozygous pairs. Lawler and colleagues (1998). 

suggest that the reductions in viability and fertility indicate that selective pressure will act 

to maintain the TSP-1 gene within the mouse genome. In 4 week old null mice, the lungs 

begin to present acute pneumonia and diffuse alveolar bleeding. There are also 

proliferation defects associated with the epithelium lining the airways causing thickening



and twisting of end lobules. The mice develop chronic pneumonia between 1 and 4 

months of age (Lawler et al., 1998). Evidently, TSP-1 is crucial to the homeostasis of 

normal lung tissue and when absent there is no obvious compensation by other ECM 

proteins which may be occurring in other tissues which express high levels of TSP-1, such 

as the heart.

TGFp as reviewed by Lawrence (1996) and Clark and Coker (1998), is involved in 

the regulation of proliferation and inflammatory responses. It is secreted in a latent form 

by a wide range of cells including blood platelets and endothelial cells and requires 

activation to exert its biological activity. TSP-1 is known to form complexes with 

components secreted from platelets and can activate latent TGFp secreted by bovine 

aortic endothelial, BAE, cells (Murphy-Ullrich et al., 1988; Shultz-Cherry & Murphy- 

Ullrich, 1993). Activation is achieved by direct binding of TSP-1 to latent TGFp and is 

dependent on TSP-1 concentration. Dissociation of bound TSP-1 is not required for 

TGFp to function and the activated species can interact with cell surface receptors (Fig. 

lv; Shultz-Cherry et al., 1994). Using fusion proteins and peptides, the region that 

activates TGFp has been mapped to the sequence RFK positioned between the first and 

second type 1 repeat, residues 412-415 (Shultz et al., 1994b, 1995c). A corresponding 

sequence, RIP, is found in TSP-2 but is not active (Schultz et al. 1995). A second 

sequence, GGWSHW resembling a region of the type 1 repeats, blocks TSP-1 activation 

of TGFp by binding to the cytokine (Fig. lv; Shultz-Cherry et al., 1994c).

Studies using knockout TGF-pl and TSP-1 mice (Lawler et al., 1998) have 

recently identified TSP-1 as a major activator of TGF-pl in vivo. The histological 

abnormalities of the lung are similar in TSP-1 null mice and TGF-pl null mice (Crawford 

etal., 1998). This suggested that the inability to activate TGFP might cause this aspect 

of the TSP-1 gene knockout phenotype. Indeed, cultured TSP-1 null fibroblasts do not 

produce active TGF-pi. By treating cells with between 20-80nM of KRFK peptide 

derived from TSP-1, TSP-1 dependent activation of TGFP was restored (Crawford et al..

1998). TSP-1 null mice were also treated with a 100|ig of a peptide containing the RFK



Active TGFP

TSP-1 either dissociates or remains 
attached to TGFp. to

A

Extracellular

Latent TGFP

Cell Surface

TSP-1 interacts with LAP &

™  TGFp inducing a
trimer

conformational change in the 

complex and activation of TGF|

Latent TGFp is secreted by 

cells into the surrounding 

ECM and associates with the 

latency associated protein

Intracellular

Latent TGFP

F ig.lv  Schematic diagram of the activation of TGFP by TSP-1 in the ECM.



each day over a period of 3-16 days sequence. This resulted in the reversal of the 

pathologies associated with the airways. In a reciprocal experiment, these abnormal 

morphologies could be induced by treating wild type mice with latency associated protein 

(LAP) which effectively blocks the activation of TGF-pi by interacting with TSP-1 

(Crawford et al., 1998). Thus, the ability to activate TGFpl is an important normal 

function of TSP-1 in the lung.

F M e c h a n is m s  of in t e r a c t io n  of  TSP-1 w it h  c e l l s

The effects of TSP-1 on cell function in both solid and blood vessels are primarily

mediated by its interactions with cell surface receptors. It is presumed that these 

interactions elicit intracellular events that modify cell behaviour but the evidence for such 

intracellular events has only begun to accumulate in the last few years. The ideal situation 

to study these interactions outside whole animals is during cell adhesion. This is because 

the molecules involved tend to concentrate in areas of attachment adjacent to the 

underlying matrix. Results from a number of labs have demonstrated that cell adhesion to 

TSP-1 involves cooperative interactions between multiple domains of TSP-1 and their 

respective cell surface receptors. The different domains are recognised by a diverse group 

of cell surface molecules which include integrins, CD47/Integrin associated protein (IAP) . 

proteoglycans, CD36 and several uncloned molecules. The adhesive domains of TSP-1 

and associated cell surface receptors are illustrated in Fig. lvi.

G T h e  a d h e s iv e  d o m a in s  o f  TSP-1

TSP-1 is not a classic adhesion molecule as fibronectin and is often referred to as

anti-adhesive or adhesion modulating based on its differential adhesive effects. Chiquet- 

Ehrismann (1991; 1995) and Adams (1997) review this property of TSP-1 and other 

matrix proteins including SPARC and Tenascin. The functional properties that have led 

to this view are described below.

BAE cells can attach to TSP but do not spread. When seeded on fibronectin or 

fibrinogen, after preincubation with soluble TSP before or at the time of seeding, focal 

adhesions are fewer and localised to the cell periphery (Murphy-Ullrich et al., 1989).
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Treatment of spread cells by soluble TSP-1 disrupts established focal contacts except for 

those forming peripheral attachments without affecting the extent of spreading (Murphy- 

Ullrich et al., 1993). Varani et al (1986; 1988), demonstrated that TSP-1 could support 

the attachment and spreading of endothelial cells and undifferentiated keratinocytes. 11 

has become apparent that the ability of cells to spread on TSP-1 is a cell type dependent 

process (Asch et al., 1991; Adams & Lawler, 1993). It is currently agreed that TSP-1 

adhesion involves multidomain interactions with a number of cell surface receptors. Four 

attachment domains of TSP-1 have been identified in association with their cell surface 

receptors. These regions are reviewed in Adams et al., (1995). The regions involved are 

the N-terminal domain, type 1 repeats, type 3 repeats and C-terminal domain (See Fig. 

lvi).

T h e  h e p a r in  b in d in g  d o m a in

The ability of TSP-1 to bind heparin was established during the isolation of human 

TSP-1. Lawler and coworkers (1978), found that human TSP-1 bound to heparin- 

Sepharose affinity columns at low ionic strength (0.15M NaCl) and eluted at 0.45M 

NaCl. Potential heparin binding sites are seen in two regions where positively charged 

residues cluster, residues 23-32 and residues 77-83 (Lawler & Hynes 1986). Truncating 

human TSP-1 at proline-164 abolishes heparin binding activity and ECM incorporation 

(Prochownik et al., 1989). Direct mutagenesis of the lysine and arginine residues between 

residues 23-29 and lysine residues between amino acids 80-84, results in a loss of high 

affinity heparin binding (Lawler et al., 1992). These two sites, RKGSRR (23-29) and 

RQMKKTR (80-84) conform to consensus heparin binding sites and are conserved across 

species (Lawler et al., 1992). The ability of TSP-1 to bind heparin and heparin sulphates 

implicates the heparin sulphated proteoglycans as cell surface receptors for TSP-1 

(Roberts et al., 1985; Roberts, 1988). Syndecan-1 is a cell surface proteoglycan that 

contains heparin and chondroitin sulphate chains which binds TSP-1 (Sun et al., 1989; 

Bemfield & Sanderson 1990). Peptides spanning the heparin domain in the amino 

terminal of TSP-1, have been used in the identification of two distinct adhesive regions. 

The peptides are described as a glycosaminoglycan (GAG) dependent adhesion region, 

residues 60-94, and a GAG-independent region, residues 189-200 (Clezardin et al., 1997).



T h e  t y pe  1 r e p e a t s

The type 1 repeats have demonstrated cell adhesion properties which have been 

localised to the amino acid sequences, CSVTGG and CSTSGG (Prater et al., 1991: 

Tuszynski et al., 1992). These motifs interact with CD36 and an unidentified 50kDa cell 

surface protein ( L\ et al., 1993; Asch et al., 1992; Tusynski et al., 1992.). In 

affinity chromatography the type 1 repeats have shown heparin and chondroitin sulphate 

binding activity. This correlates with the dose dependent inhibition of heparin and 

sulfatide binding activity of TSP-1, laminin and apoliprotein E by synthetic peptides 

derived from this region ( * -Guo et al., 1992). Additionally the repeats contain BBXB

and SXWSX motif which also interact with proteoglycans. The most potent region is 

restricted to a consensus sequence, Trp-Ser-Xaa-Trp, within the second type 1 repeat. 

These heparin binding sites implicate heparin sulphate proteoglycans in cell attachment to 

the type 1 repeats. Indeed chondroitin A treatment inhibits TSP-1 mediated myoblast 

adhesion (Adams & Lawler, 1994). The attachment and spreading of a melanoma cell line. 

A2058, is promoted by the peptide SXWSTWXS. Attachment is promoted by the 

heparin binding motif, WXXW, and spreading by the BBXB portion of the peptide (Guo 

et al., 1992). A range of cell lines require the presence of the type 1 repeats in 

conjunction with the heparin binding domain to adhere and spread on TSP-1 (Asch et al.. 

1991; Adams & Lawler, 1993).

T h e  t y p e  3  r e p e a t s

A fibronectin recognition site for integrin ligation, RGD, is present in the last type 

3 repeat of TSP-1 (Pirschbacher & Ruoslahti, 1984; Lawler & Hynes, 1986). The RGD 

motif is recognised by the a vp3, °Bpi and a IIbp3 integrins and is present in a number of 

ECM molecules which include fibronectin, vitronectin and fibrinogen (Plow et al., 1985; 

Suzuki et al., 1985; Hynes et al., 1992; See also Section 1:3D). The a vp3 integrin, which 

is expressed by most cultured cells, and the platelet 0Cnbp3 integrin have been shown to 

interact with TSP-1 via this small motif (Lawler et al., 1988; Karczewski et al., 1989). 

The calcium dependent nature of these interactions (Lawler et al., 1988; Sun et al., 1992: 

reviewed in Adams & Lawler, 1993) suggests that changes in calcium binding not only



induces conformational changes to the whole TSP molecule, but local changes that occur 

within the type 3 repeats may alter the spatial relationships for adhesion and recognition 

of the RGD site. This could provide a method of regulating the integrin-TSP-1 

interactions. Although many cells express otvp3 integrins not all of them attach and spread 

on TSP-1. This could be explained by the fact that a number of cell surface and 

intracellular proteins are known to influence integrin activity and the availability and 

specificity of these can vary from one cell to another. Therefore, integrin mediated 

interactions with TSP-1 could be subject to the context of the microenviroment of an 

individual cell and required a certain set of conditions.

C a r b o x y  t e r m in a l  g l o b u l a r  d o m a in

The C-terminal domain (CTD) has been discussed previously in association with 

platelet aggregation and is also involved in cell adhesion and spreading (Kosfeld et a l .. 

1991; Adams & Lawler , 1993; Kosfeld & Frazier, 1993; Chong et al., 1997). Active 

peptide sequences within the CBD of TSP-1 were identified and defined as 

RFYVVMWKand IRVVM (Kosfeld & Frazier, 1992; 1993). The RFYVVMWK motif 

is highly conserved within the TSP family, but the IRVVM sequence is present only in 

TSP-1. Both promote the attachment of a wide range of cell lines (Kosfeld & Frazier. 

1993). CD47/integrin-associated protein (IAP) has been identified as a receptor for the 

VVM containing motifs (Asch et al., 1987; Gao & Frazier, 1994; Gao et al., 1996). Two 

unidentified proteins with the molecular weights of 80 and 105 kDa are also shown to 

support cell adhesion on TSP-1 ( Fig. lvi; Yabkowitz & Dixit, 1991). In addition, 

removal of the main heparin binding domains of TSP did not remove all heparin binding 

activity. Low level binding was detected and attributed to the C-terminal region which 

could translate into potential interactions with cell surface heparin sulphate proteoglycans 

such as Syndecan-1 (Lebakken & Rapraeger, 1996).



H TSP-1 CELL SURFACE ADHESION RECEPTORS

S y n d e c a n -1

Syndecan-1 is an integral cell surface proteoglycan with both heparin and 

chondroitin sulphate chains that interact with the TSP-1 heparin binding domain (Sun et 

al., 1989; Bemfield & Sanderson 1990). Its expression during mouse development 

parallels TSP-1 expression, as demonstrated by immunolocalisation studies (Corless et al..

1992). Most of its core protein is extracellular and contains consensus sequences for the 

attachment of glycosaminoglycans. Syndecan-1 is a member of a family of 4 

proteoglycans. These proteins are divergent in their extracellular domains, where as the 

transmembrane domain and cytoplasmic region are highly conserved between all family 

members. The areas of highest sequence conservation are associated with two 

cytoplasmic regions referred to as Cl and C2. These are separated by a variable region 

which is unique to each syndecan (Woods & Couchman, 1998).

Syndecan 1 is most prevalent in epithelial tissues, where it covers the entire surface of 

transitional and stratified epithelial cells or is confined to the basolateral borders of simple 

epithelia (Rapraeger et al., 1986; Sanderson & Bemfield, 1988; Kim et al., 1994). These 

localisations are suggestive of an adhesive role, and indeed syndecan-1 is localised to sites 

of cell-cell adhesion at the start of the blastocyst stage during development and binds 

several ECM proteins including TSP-1 (Sanderson & Bemfield, 1988; Sutherland et al.. 

1991). More direct evidence has come from the observation that transfection of Schwann 

cells increases spreading on both laminin and fibronectin (Carey et al., 1994; L e k a k lc e n e /  al..

1996). Syndecan 1 also has interactions with the cytoskeleton, on the basis that antibody 

mediated clustering at the cell surface induces increased cell spreading and stress fibre 

formation (Carey et al., 1997). These responses are also obtained when ligands such as 

fibroblast growth factor (bFGF) are used to induce syndecan clustering. Although 

syndecan 1 codistributes with microfilaments, this is a transitory event and it does not 

localise to focal contacts (Carey et al., 1997). Pervanadate treatment, which inhibits 

cellular phosphatase activity, induced rapid phosphorylation of the cytoplasmic domain 

of syndecan 1 (Reiland et al., 1996). The involvement of syndecan 1 in adhesion and



cytoskeletal organisation, plus the apparent phosphorylation of its cytoplasmic region 

indicate that it is capable of eliciting signalling events although these have not been studied 

in the context of TSP-1.

CD36

CD36 is expressed by a wide range of cell types including epithelial cells, 

endothelial cells and monocytes (reviewed Greenwalt et al., 1992. It binds to the 

CSVTCG adhesion motif of TSP-1 type 1 repeats (Asch et al., 1987; Kieffer et al., 1988; 

Mcgregor et al., 1989; Asch et al., 1992; Legrand et al., 1992). CD36 is also a collagen 

binding protein and binds oxidised low density lipoprotein (LDL). When isolated from 

different sources, CD36 displays different apparent molecular weights because of cell 

specific glycosylations (Greenwalt et al., 1992). This was demonstrated by two bovine 

proteins which were found to have the same apparent molecular weight after treatment 

with endoglycosidase F (Greenwalt et al., 1990). The amino acid sequence indicated that 

its structure is composed of a transmembrane domain close to the C-terminal region, a 

large extracellular domain and a short intracellular domain (Oquendo et al., 1989; 

Greenwalt et al., 1992). The N-terminal region of the extracellular domain contains 8 out 

of 10 of the glycosylation sites. In contrast the C-terminal portion is rich in proline 

residues (Oquendo etal., 1989; Greenwalt et al., 1992).

The binding of CD36 to the CSVTCG motif is thought to involve a two step 

process (Aschetal., 1992; Leung et al., 1992). Two peptides derived from CD36 either 

block (residues 93-110) or enhance (residues 139-155) binding of CD36 to TSP-1 (Leung 

et al., 1992). The sequence spanning residues 93-110 could only bind to TSP-1 in the 

presence of the second peptide, 139-155. This suggests that CD36 binding to TSP-1 is 

initially mediated by the residues 139-155, which may induce a conformational change in 

TSP-1 that exposes the binding site for the sequence spanning residues 93-110 (Leung et 

al., 1992).

However, there have been a number of studies which have questioned the role of 

CD36 as a receptor for TSP-1. For example CD36 deficient platelets derived from 

individuals where CD36 mRNA is detected but there is no surface expression in platelets



do not present any heamatopoetic problems. Moreover CD36 deficient platelets display 

the same levels of TSP-1 binding as normal platelets (Kehrel et al., 1991; Tandon et al.. 

1991; Greenwalt et al., 1992). Thrombin activation of platelets increases the level of

TSP-1 binding at the surface in both normal and deficient platelets equally. 

Together this suggests either that there is an alternative receptor for TSP-1 closely 

apposed to CD36 or that in CD36 deficient platelets compensatory mechanisms are at 

work (Kehrel et al., 1991; Tandon et al., 1991; Greenwalt et al., 1992). Incubation with 

the anti-CD36 monoclonal antibody, OKM-5, reduced TSP-1 binding of activated normal 

platelets by 60% but had no effect on the deficient cells. This would suggest that the 

antibody binding is interfering with the interaction of another receptor closely apposed to 

CD36 (Kehrel et al., 1991; Tandon et al., 1991; Greenwalt et al., 1992).

CD36 has been shown to initiate intracellular signalling events through binding 

collagen but not in the context of its interactions with TSP-1. Specific 

immunoprecipitation of CD36 from unactivated platelets has demonstrated 

coprecipitation of the Src related kinases, fyn, lyn and yes. These also demonstrated tight 

association with CD36 and autophosphorylation in vitro (Huang et al., 1991). Other Src 

related kinases that associate with CD36 have been identified in C32 melanoma cells and 

erythroleukemia cells (Huang et al., 1991; Greenwalt et al., 1992). Notably these 

associations were absent after platelet activation.

I n t e g r in s

The integrins are a prominent family of cell surface adhesion molecules involved in 

cell-matrix and cell-cell adhesion events. They are composed of an a  and a P subunit 

which cooperatively interact with their ligands (reviewed by Hynes, 1992). Each subunit 

is composed of a globular extracellular domain and a short cytoplasmic region (Fig. 1 vii). 

For example electron micrographs of the (XnbP3 integrin shows two domains; an oblong 

head domain of approximately 8x10 nm and two rodlike tail extensions of about 14x1 7 

nm (Fig. lvii). The family is subdivided into classes of heterodimers according to the
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identity of their p subunit, as many a  subunits associate with a single p subunit (Tabic 

la). Subunits oc4, a 6 and oty, are the exception associating with more than one p subunit. 

I will review integrin structure and function in more detail later in section 1:3.

A number of cell lines display RGD dependent adhesion to TSP-1: these include 

endothelial cells, melanoma cells, fibroblasts and platelets (Lawler et al., 1988; Lawler & 

Hynes 1989; Asch et al., 1991; Stomski et al., 1992; Sun et al., 1992). Studies using 

activated platelets have shown that a vP3 , 0tnbp3 and (X2 P 1 are involved in TSP-1 mediated 

events (Lawler et al., 1988; Lawler & Hynes 1989; Tuszyski et al., 1991). TSP-1 

potentiated aggregation of platelets is specific and can be inhibited by anti-aiibP;, 

antibodies in activated platelets. The same integrin has been demonstrated to be involved 

in TSP-1 binding to the membranes of activated platelets (Wolff et al., 1986; Tuszynski et 

al., 1988; McGregor et al., 1989). TSP-1 promotion of neurite outgrowth is mediated by 

RGD dependent interactions with integrins (O’Shea et al., 1991; Neugebauer et al., 1991). 

Outgrowth of neurites from retinal neurons is partially inhibited by anti-av and anti-pi 

antibodies. In combination virtually all neurite outgrowth is blocked (Neugebauer et al.. 

1991).

Not all integrin-TSP-1 interactions have been RGD dependent. T-lymphocytes 

demonstrated increased adhesion from 12% to 30% of cells after activation by the protein 

kinase C (PKC) activator phorbol-12 myristate-13-acetate (PMA) (Yabkowitz et al.. 

1993). The adhesion was attributed to the pi integrins a 4p] and a 5p! together with 

another receptor. The alternative integrin recognition site was localised to the type 1 

repeats (Yabkowitz et al., 1993). Osteocytes have demonstrated non RGD dependent 

adhesion to TSP-1 via pi integrins although they do not spread (Aarden et al., 1996). 

Integrin mediated signalling initiated by ligand ligation is well documented and is the 

subject of a number of reviews (Clark & Brugge, 1995; Schwartz et al., 1995). For 

example, thrombin activation of platelets demonstrated integrin dependent 

phosphorylation and tyrosine phosphorylation associated with platelet aggregation 

required 0Cnbp3 (Ferrell & Martin, 1989; Golden & Brugge, 1989; Shattil & Brugge, 1991).
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I n t e g r in  a s s o c ia t e d  p r o t e in  (IAP) o r  CD47

Integrin associated protein (IAP) or CD47 is broadly expressed in a range of cell 

lines and tissues and belongs to the immunoglobulin family of proteins (Lindberg et al.. 

1993; Reinhold et al., 1995; Hemler, 1998; Porter & Hogg, 1998). It has a large 

extracellular immunoglobulin domain, five transmembrane regions and a short cytoplasmic 

tail. Four splice variants have been identified which all differ in their cytoplasmic regions 

and are expressed in a tissue specific manner. The type 2 variant is the most abundant 

and widely expressed (Reinhold et al., 1995). CD47 has been identified as a TSP-1 

receptor on the basis of its interaction with RFYVVM peptide sequences, which are 

located in the carboxyl globular domain of TSP-1 (Gao et al., 1996). CD47 has also been 

functionally and structurally linked to the modulation of av(33, allb(33 and a2(3l 

integrins (Lindberg etal., 1993; Schwartz et al., 1993; Gao et al., 1996; Chung et a l 1997: 

Wang & Frazier 1998).

CD47 modulates a number of integrin mediated events through the initiation of a 

discrete set of intracellular signals. In the context of interactions with TSP-1 these have 

focused on adhesion and migration. Positive modulation of a vp3 and ot||bp3 mediated 

adhesion to their respective ligands, vitronectin and fibrinogen, is induced by CD47 

binding to TSP-1 (Gao et al., 1996; Chong et al., 1997). TSP-1 binding to CD47 has also 

demonstrated modulatory effects on endothelial cell and smooth muscle cell chemotaxis 

via CD47 interactions with the a vp3 and a 2pi integrins respectively (Gao et al., 1996 

Wang & Frazier, 1998)(Civo e/ a(., 1^8)

1:3 MODULATION OF CELL ADHESIVE RESPONSES

As I have mentioned previously, TSP-1 is not a classical ECM adhesion protein as 

it displays both adhesive and anti-adhesive properties and binds several non-integrin 

receptors (Section 1:2H). It is also not ubiquitous with in the ECM (Section 1:2C). It is 

therefore necessary to understand both how TSP-1 modulates cell behaviour and how 

these effects are integrated with signals derived from cell interactions with ubiquitous 

ECM molecules. In this section I review current information on integrin mediated



adhesion and provide examples of how these responses are integrated with responses to 

TSP-1.

A  In t e g r in s

Cell surface receptors recognise and interact directly with specific ECM proteins. 

The most prominent adhesion receptors are the integrin family of heterodimeric 

glycoproteins (reviewed by Hynes, 1992). The first members to be identified were a 5Pi 

and otvp3 (Pytela et al., 1985). Once antibodies had been raised to these receptors, their 

coalignment with both extracellular fibronectin fibrils and intracellular actin microfilaments 

plus associated proteins, provided suggestive evidence for their role in linking the ECM to 

the internal actin cytoskeleton (Chen et al., 1985; Damsky et al., 1985). Such 

localisations are not true for all integrins, for example a Ep7 is associated with cell-cell 

adhesion interactions between epithelial cells and T-cells via interactions with E-cadherin 

(Cepek et al., 1994), and a vps mediates adhesion of human melanoma and lung carcinoma 

cells to vitronectin but does not localise to focal contacts or the ends of actin filaments 

(Wayner et al., 1991).

Integrins are heterodimeric, composed of an alpha (a) subunit of about 120-182 kDa and a 

beta (p) subunit of 90-1 lOkDa (Tamkun, et al., 1986; Argraves et al., 1987). Each subunit 

has a large extracellular domain which forms the globular head and a short cytoplasmic 

region (Ref. Fig. lviii; Carrell etal., 1985; Kelly 1987; Nermut etal., 1988). The family is 

subdivided according to the identity of the p-subunit (Ref. Table, la) and in total there are 

16a subunits and 8P subunits. There is some redundancy of function as ECM proteins 

such as fibronectin and laminin recognise multiple integrin heterodimers. Subunit 

dimerisation does not require the cytoplasmic domains, as truncations of the pi subunit 

do not compromise dimerisation (Dana et al., 1991; Bodary et al., 1991; Solowska et al.. 

1991).

B  S p l ic e  v a r ia n t s



The structural complexity of the integrin family is enhanced by alternative splicing 

of the cytoplasmic domains of many of the subunits. For example, the pi subunit is 

represented by four variants, p1A, piD, PiB and p]C (Altruda et al., 1990; Languino & 

Rouslahti, 1992; Balzac et al., 1993; 1994; Van der Flier et al., 1995; Zhidkova et al..  

1995; Belkin et al, 1996 & reviewed by Fomaro and Languino, 1997). The p )A isoform is 

the predominant isoform which is often coexpressed with low levels of the minor variant 

forms, p1B and plc (Altruda et al., 1990; Balzac et al., 1993; 1994). PiD is muscle specific 

and predominates in skeletal muscle (Ref. Section 1: IB).

C  T h e  e x t r a c e l l u l a r  d o m a in s  o f  in t e g r in s

The N-terminal domain (residues 1~ 440) of integrin a  subunits contains a seven 

fold repeat of which the last 3-4 repeats contain the sequence, D-x-D-x-D-G-x-D 

(reviewed, Hynes 1992). Each repeat comprises 60 amino acids which have been 

predicted to form a four stranded P sheet. Together the seven repeats are proposed to be 

radially arranged to form a p-propeller structure and each repeat constitutes one blade of 

the p-propeller (Springer, 1997).

A subset of a  subunits have an additional 180-200 residues, termed the inserted 

(I) domain or A domain because of its homology to the collagen binding A domains of von 

Willebrand factor and collagen. The insert is found between the second and third repeat of 

the N-terminal domain of the a l ,  a l,  aE  and p2 associated a  subunits (reviewed Hynes 

1992; Stewart et al., 1995; Chothia & Jones, 1997). Crystallography studies of the 

domain within the a  subunit of a MP2> describe it as an a/p  fold of seven a  helices 

surrounding a central six stranded p-sheet that is referred to as the “Rossmann” fold (Lee 

et al., 1995; reviewed by Humphries, 1996; Clothia & Jones, 1997).

The extracellular domain of p subunits contains a four fold repeat region rich in 

cysteine residues, C-x-C-x-x-C-x-C, which mediates intrachain disulphide bonds (Tamkun 

et al., 1986; Argraves et al., 1987; Calvete et al., 1991). Comparisons of consensus 

hydropathy plots and secondary structure predictions of the a  subunit I domain with a



highly conserved DxSxS motif in the (3 subunit suggest that this region of the p subunit is 

a putative I domain (Lee et al., 1995).

There is currently no specific functional or structural information relating to the 

remainder of the extracellular domains, for example residues spanning 401—700 of the a  

subunit.

D  E C M - in t e g r in  r e c o g n it io n  s e q u e n c e s

Integrin ligands encompass a variety of ECM glycoproteins. For example the p3 

integrins, an(33 and a v(33, interact with thrombospondin-1, fibrinogen, fibronectin, von 

Willebrand factor and vitronectin (Gardner & Hynes, 1985; Hynes, 1992). Integrin 

recognition sites within individual ECM molecules are conserved and specific.

The first integrin binding site to be described was located within the major cell 

binding domain of fibronectin (Pierschbacher & Rouslahti, 1984; 1984; reviewed by 

Yamada & Kennedy, 1985). Pierschbacher and Rouslahti (1984; 1984), defined the 

minimal region of fibronectin supporting adhesion as a tetrapeptide sequence, RGDS 

(Arg-Gly-Asp-Ser). Selective deletion of the arginine or aspartine residues, or cleavage by 

trypsin at the arginine residue, resulted in loss of fibronectin adhesive activity. Synthetic 

peptides containing conservative substitutions of arginine, glycine and aspartic acid 

exhibited no attachment promoting activity but peptides containing serine substitutions 

still promoted adhesion (Pierschbacher & Rouslahti, 1984; 1984). RGD containing 

tetrapeptides specifically blocked cell attachment in a dose dependent manner when added 

in a soluble form. In contrast their absorption to a plastic substratum promoted cell 

attachment and spreading (Pierschbacher & Rouslahti, 1984a). Studies using the RGD 

peptides covalently linked to a substrate at low density, supported cell attachment but 

not spreading. Only when the density was high (peptides are spaced at ~440nm) did cells 

attach and spread. However, focal adhesions did not form until the spacing is further 

reduced to about 140 nm, suggesting that a high density of ligand was required for integrin 

clustering and focal adhesion formation (Massia et al., 1991).



The RGD motif recognised by a vp3, 0CnP3 and a 5Pi is also present within 

vitronectin, TSP-1 and fibrinogen (Plow et al., 1985; Suzuki et al., 1985; Hynes, 1992). 11 

appears to be conserved throughout evolution and is present in a novel Drosophila ECM 

protein Tiggrin (Fogerty et al., 1994). The RGD sequence is one example of an integrin 

binding motif. There are several short peptide sequences that bind integrins, for example 

a 2pi reportedly binds to a DGEA motif in collagen (Staatz et al., 1991; Ruoslahti, 1996). 

LVD in an alternative splice type III repeat of fibronectin is recognised by a 4Pi 

(Reviewed by Humphries, 1992). Motifs containing arginine and aspartic residues. 

DALR/DLR, found in laminin and type IV collagen, also act as a 2Pi recognition motifs 

(Underwood et al., 1995).

E  In t e g r in  l ig a t io n  a n d  sp e c if ic it y

High affinity ligand binding requires elements from the N-terminal regions of both 

subunits and may involve multiple ligand contact points (reviewed by Lofus et al., 1994: 

Schwartz et al., 1995; Ruoslahti 1996). A combination of immunological and peptide 

mapping has defined a region of to p3 subunit spanning residues 118-131 with dual 

functions in cation and ligand binding (D’Souza et al., 1988; 1994; Calvete 1991a, 1991b). 

Chemical crosslinking of peptides that mimic integrin ligands have identified a region 

within the N-terminal domain of 0Cnb and a v with binding properties (D’Souza et al.. 

1990; Smith & Cheresh 1990). Immunological mapping and use of proteolytic fragments 

have localised the ligand binding site to a region of 21 residues (294-314) which contains a 

putative cation binding site (D’Souza et al., 1990). Peptides corresponding to this region 

of otnb bind divalent cations and fibrinogen, but inhibit binding to the integrin oc [ | b (33. A 

short peptide containing residues 300-312 of otnb inhibits clot retraction and platelet 

aggregation by directly binding to fibrinogen (Taylor et al., 1994).

Studies related to leukocyte integrins (Xm and ocl, have demonstrated a dual 

function for their I domains in cation and ligand binding. Based on the use of acidic 

peptide motifs derived from integrin ligands, the region has been classed as a general metal 

ion-dependent adhesion site (MIDAS) (Lee et al., 1995; reviewed by Bergleson &



Hemler, 1995; Stewart et al., 1995; Humphries 1996). Use of function modifying 

antibodies has mapped the ligand binding sites to the I domain of a Mp2 (Diamond et al..

1993). Ligand binding functions have also been demonstrated through the association of 

neutrophil inhibitory factor (NIF) with the I domain of the ocm subunit (Moyle et a!.. 

1994; Rieu et al., 1994). Mutational studies of the I domains of a L, ot2, and a M 

demonstrate that Thr and Asp residues within the I domain are critical for the interaction 

of these integrins with the ligands; collagen, C3bi and intercellular adhesion molecule 1 

(ICAM-1) (Kamata et al., 1995).

C a t io n  in v o l v e m e n t  a n d  l ig a n d  s p e c if ic it y

Different ECM ligands are recognised by different integrins. For example, a 

number of integrins including 0Cnbp3, OC4P1, and a 5pi recognise multiple ligands which 

include fibronectin, fibrinogen, TSP-1 and von Willebrand factor. Specificity of ligand 

binding is determined by elements from both subunits. For example, replacing the ocIIb(33 

amino terminal third of the a nb subunit with homologous sequences from the a v subunit 

changed the ligand specificity from 0CiIb specificity for von Willbrand factor to a, 

specificity for vitronectin (Loftus et al., 1996). Swapping short divergent sequences from 

putative I domain structures of pi and p3 subunits also altered the specificity of chimeric 

integrins (Takagi et al., 1997). For example the ocvpi-3-i mutant, where the CTSEQNC 

(187-193) sequence of the pi subunit has been substituted for the amino acid sequence 

CYDMTC from a p3 integrin subunit (1-3-1), recruited ligands associated with avP3 i.e. 

fibrinogen and von Willebrand factor. The reciprocal substitution blocks these normal 

interactions with the ocvp3-i-3 integrin (Takagi et al., 1997).

Integrin specificity and ligand binding activity are also affected by conformational 

changes which are induced by divalent cations and other factors which will be discussed 

later in this chapter. Studies indicate that manganese (Mn2+) and magnesium (Mg2+) 

promote ligand binding but calcium ions (Ca2+) inhibit binding. For example, divalent 

cation binding alters the specificity of 0CnbP3. Mn2+, ions increase binding to synthetic



RGD containing peptides and also eliminates a vp3 from Sepharose columns over which i t 

would normally copurify with OCnbp3 (Kirchofer et al., 1990). As peptide binding 

increases, 0Cnbp3 affinity for macromolecular RGD ligands such as vitronectin and 

fibronectin is reduced. Mn2+ ions may change the conformation of the ligand binding site 

such that it accommodates the small RGD peptides but not the larger ligands (Kirchofer et 

al., 1990).

Structural analysis of the ligand binding pocket places this site on the surface of p 

propeller of the a  subunit and the putative I domain of the P subunit, close to the N - 

terminus (Mould et al., 1998). Located in this pocket are the epitopes of numerous 

function modifying monoclonal antibodies. Integrin-antibody affinities are altered by 

conformational changes induced by divalent cation binding. Enzyme-linked 

immunoabsorbent assays (ELISA) of a 5pi epitopes have revealed a spatial closeness 

which is opened up when the a  subunit is occupied by divalent cations (Mould et al.. 

1998). Therefore, divalent cations relax integrin conformation at the ligand binding sites 

situated near the interface of the a  subunit p-propeller and p subunit I domain

Divalent cations are thus of crucial importance for ligand recognition. Cross 

linking studies with a range of peptides to the p3 integrins indicated that the ligand binding 

site was proximal to cation binding sites (D'Souza et al., 1988; 1990; 1994; Smith and 

Cheresh; 1988; 1990; Hynes , 1992), and ligand binding sites are also implicated in cation 

binding (Haas & Plow, 1994; Humphries, 1996). Mutational analysis has identified the 

Di 19 residue of p3, as critical, because its mutation leads to conformational changes that are 

consistent with a loss of cation binding (Ginsberg et al., 1986; Bajt & Loftus 1994). The 

residue is located within a region rich in residues which have oxygenated side chains 

(Dii9xSi2ixSi23xxDi26Di27XxSii9). Linear spacing of the oxygenated residues suggests that 

they reside in an EF loop associated with calcium ion coordination in calmodulin and other 

calcium binding proteins. This region is the putative I domain of the p3 subunit (Lee et 

al., 1995). The dependency of ligand interactions on cation binding is underlined by the 

high degree of conservation of oxygenated residues between different subunits and the



presence of similar residues within the ligands themselves (Lee et al., 1995; reviewed by 

Loftus et al., 1994; Schwartz et al., 1995). Ligand binding to this site possibly displaces a 

cation which may serve to maintain an appropriate conformation for ligand recognition 

(D’Souzae/a/., 1994).

F  In t r a c e l l u l a r  e v e n t s  m e d ia t e d  by  ec m / in t e g r in  in t e r a c t io n s

ECM/integrin interactions transduce signals across the cell membrane to the 

cytoskeleton, via a cascade of complex interactions involving an array of intracellular 

structural and signalling proteins. For this to occur the molecules must be within the 

vicinity of the original ECM/cell interaction and close to their molecular partners. Thus, 

at sites of cell adhesion molecules involved in the intracellular events concentrate and form 

a macromolecular scaffold containing signalling and structural proteins.

The cell-substratum contact most thoroughly studied in vitro is the focal 

contact/focal adhesion which is morphologically apposed to the basal cell membrane and 

the substratum (Abercrombie eta l., 1971; Izzard & Lochner, 1976; Heath & Dunn, 1978). 

Biochemically it is characterised by the presence of integrins, actin microfilaments, 

paxillin, vinculin, focal adhesion kinase (FAK) and talin as major components (Fig. 1 viii). 

There have been a number of other types of adhesion contacts described, including: point 

or dot contacts (Streeter & Rees, 1987; Tawil et al., 1993); filopodia (Grinnell, 1978): 

podosomes (Tarone et al., 1985); and invadipodia (Mueller & Chen, 1991). However, 

these structures were observed to be transient or cell specific making them difficult to 

characterise. Fascin microspikes which are associated with adhesion and spreading on 

TSP-1 are also distinct adhesion contacts that differ from focal contacts (See Section 1:4). 

Because the focal contact is relatively well characterised I will review it as an example of a 

cell/matrix interaction involving integrins.
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G In t e g r in  l o c a l is a t io n  w it h  f o c a l  c o n t a c t s

Only a subset of integrins become associated with focal contacts for example a 5pi. 

a 3pi and 0CvP3. Deletion and chimeric studies have demonstrated the requirement of their 

cytoplasmic domains for focal contact localisation. For example, removal of the Pi 

cytoplasmic domain blocks its localisation to focal contacts whilst chimeric molecules 

containing a pi cytoplasmic domain fused to the extracellular domain of an unrelated 

receptor were targeted to focal contacts (LaFlamme et al., 1992). In contrast, deletion of 

the cytoplasmic domain from the a  subunit allows localisation to focal adhesions 

Briesewitz et al., 1993). This suggests that the cytoplasmic domain of the P subunit is 

important for focal adhesion localisation and the a  subunit inhibits this targeting. In non

ligand bound integrins the two subunits are in close proximity which would enable the a  

subunit to exert its effects. However, as I have described ligand binding induces a 

conformational change. It is presumed that this is transmitted along the length of both 

subunits and removes the inhibitory effect of the a  subunit. Therefore, the deletion 

construct functions constitutively as a ligand activated integrin (Reviewed by Schwartz el 

a l , 1995).

H  In t e g r in  in t r a c e l l u l a r  in t e r a c t io n s  w it h  f o c a l  a d h e s io n  k in a s e , a

PROXIMAL SIGNALLING PROTEIN LOCALISED AT THE FOCAL CONTACT

When cells are allowed to spread on fibronectin, phosphotyrosine containing 

proteins accumulate at focal adhesions and cell-cell junctions (Maher et al., 1985). The 

first evidence suggesting that tyrosine phosphorylation may be initiated by integrin 

mediated events, came from the observation that thrombin activation of platelets triggered 

tyrosine phosphorylation in an integrin dependent fashion (Ferrell & Martin, 1989: 

Golden & Brugge 1989). For example, tyrosine phosphorylation associated with platelet 

aggregation requires Ctnbp3 ligation (Shattill & Brugge 1991). Further evidence came from 

cells in culture which showed that integrin aggregation and ligand binding increased 

tyrosine phosphorylation levels at focal contacts in cells attached to specific ECM 

molecules such as fibronectin (Guan et al., 1991; Komberg et al., 1991).



Integrins contain no enzymatic activity and so rely on interactions with accessory 

proteins for generating the cytoplasmic signals. Coincidentally, a 125kDa protein was 

found to undergo tyrosine phosphorylation during integrin mediated adhesion (Guan el 

al., 1991; Burridge et al., 1992; Hanks et al., 1992; Komberg et al., 1992; Lipfert et al.. 

1992; Schaller et al., 1992;). This protein was identified as focal adhesion kinase 

(ppl25FAK/FAK) one of the most prominent tyrosine phosphorylated proteins found in 

adherent cells which accumulates in focal contacts upon adhesion (reviewed Hynes 1992: 

Shaller and Parsons 1994; Burridge et al., 1996; Guan 1997; I lie et al., 1997). In vitro 

binding of FAK to peptides derived from the cytoplasmic domains of p )A, p2 and p3 

integrin subunits has been demonstrated to involve a conserved membrane proximal site 

spanning residues 756-768 (Schaller et al., 1994). As yet it has not been possible to show 

this interaction in vivo for example, by coprecipitation. In vivo the interaction maybe of 

low affinity or the site not accessible to FAK.

FAK is a structurally distinctive protein tyrosine kinase that consists of three 

domains. A central kinase domain homologous to the catalytic domain of other protein 

tyrosine kinases, which is flanked by a large N-terminal and C-terminal domain (Schaller et 

al., 1992). Unlike other tyrosine kinases it has no SH2 (Src homology-2) or SH3 (Sre 

homology-3) domains but does contain sites that would support interactions with SH2 

and SH3 containing proteins. FAK is highly conserved throughout evolution with 

homologues identified in Xenopus, rat, mouse, chick and human (Schaller et al., 1992: 

Hank et al., 1992; Andre & Becker-Andre, 1993; Whitney et a l, 1993; Hens & DeSimone 

1995; Zhang et al., 1995; Burgaya & Girault, 1996). Mutational analysis and chimera 

studies have demonstrated that FAK is targeted to focal contacts through its C-terminal 

region (Hildebrand et al., 1993; 1995).

CX2P1 integrin directly activates FAK upon cellular adhesion to a collagen 

substratum (Haimovich et al., 1993). In contrast, 0Cnbp3 activation of FAK, in thrombin 

stimulated platelets, requires binding of fibrinogen to 0 1 ^ 3  (Lipfert et a l, 1992) and a 

secondary stimulus such as adrenaline, ADP or cell-cell aggregation (Lipfert et al., 1992: 

Haimovich et al., 1993). Integrin activation states can affect FAK phosphorylation



(Pelletier et al., 1995). Clustering of otnbp3 in its unactivated state induces 

phosphorylation of FAK but, clustering of activated ccnbp3 does not (Pelletier et al.. 

1995). This correlates with earlier studies on anbP3 in platelets where FAK was found to 

be phosphorylated during attachment to solid phase fibrinogen, but not when oc(|bp3 was 

activated and allowed to bind soluble fibrinogen (Du et al., 1993; Hamovich et al., 1993). 

0Cnbp3 Ligation is apparently not sufficient for FAK activation and requires costimulation 

from other pathways (Huang et al., 1993)

The integrin P subunit rather than the a  subunit, is important for FAK activation. 

FAK phosphorylation is abolished when sequences are deleted in the cytoplasmic domain 

of pi. Clustering of chimeric integrin receptors with cytoplasmic domains from Pi, p3 and 

P5 were sufficient to induce FAK phosphorylation (Guan et al., 1991; Akiyama el al.. 

1994; Lukashev et al., 1994; Leong et al., 1995). Cytoplasmic NPXY and NPXXY motifs 

of the p3 subunit whereas important for integrin activation of FAK but, the 

transmembrane proximal regions associated with putative FAK binding were not required 

or sufficient for FAK activation (Tahiliani et al., 1997).

I  In t e g r in  in t r a c e l l u l a r  in t e r a c t io n s  w it h  c y t o s k e l e t a l  p r o t e in s

LOCALISED AT THE FOCAL CONTACT

Recently novel integrin cytoskeletal molecules have been identified by yeast 2- 

hybrid screen, for example cytohesin-1 (Kolanus et al., 1996) and p3-endonexin (Shattil el 

al., 1995). Of the cytoskeletal proteins associated with focal contacts talin, a-actinin. 

filamin and paxillin are integrin-binding (Otey et al., 1993; Lewis et al., 1995; Sharma et 

al., 1995 ). Most integrin-binding proteins interact with the cytoplasmic domain of the P 

subunits.

Two distinct a-actinin binding sites have been identified in vitro which overlap 

with a site described in vivo. a-Actinin is an actin binding protein (Lazarides & Burridge. 

1975; Wehland et al., 1979; Pavalko & Burridge, 1991) with three functional domains. It 

has an evolutionary conserved actin-binding domain within its N-terminal region (Baron et



al., 1987; Kuhlman et al., 1992), a central rod domain of helical motifs related to the 

internal homologous repeats of spectrin (Baron et al., 1987; Narvanen et al., 1987: 

Wasenius et al., 1987) which connects the N-terminus to the C-terminal region of two EF 

hands (Baron et al., 1987; Nogel et al., 1987). In vitro studies demonstrate a relatively 

high affinity interaction with the cytoplasmic region of pi (Otey et al., 1990). This 

corresponds well with microscopy studies localising pj integrins and a-actinin to focal 

contacts (Otey etal., 1990). Microinjection of living cells with high concentrations of the 

pj-binding proteolytic fragment of a-actinin (5 pM plus) disassembles actin stress fibres 

after 60 mins with major loss of focal contacts after 2 hrs. Microinjection of the fragment 

probably disrupts endogenous a-actinin function or displaces other focal contact 

components (Pavalko & Burridge, 1991).

Talinisa multidomain cytoskeletal protein shown by equilibrium gel filtration to 

bind to integrins (Horwitz et al., 1989; Otey et al., 1990). Soluble anbp3 integrin binds to 

immobilised talin in a time and dose dependent manner. Such binding is inhibited by a 

monoclonal antibody raised against a synthetic peptide derived from the cytoplasmic 

domain of the p3 integrin subunit(Knezevic et al., 1996). Purified talin interacts directly 

with peptides corresponding to the cytoplasmic domain of p3 and the anb integrin 

subunits, suggesting that the anb subunit participates in the interaction between talin and 

the p3 subunit (Knezevic et al., 1996). As further evidence of its direct interaction with 

the cytoplasmic domains of integrin p subunits, talin binds specifically to recombinant 

proteins containing the p iA or p iD cytoplasmic domain, but not the alternative splice 

variants piB and piC. The interaction between talin and PiD is much stronger then talin 

binding to piA (Pfaff et al., 1998). Peptide inhibitor experiments have localised the talin 

binding site to the cytoplasmic domain of the Pi integrin subunit involving two motifs one 

of which contains the NPXY motif (Tapely et al., 1989). These motifs form tight P turns 

which could place the binding sites in close opposition, implying that amino acids from 

both cooperate in talin-integrin interactions.



In vitro studies using peptides from the cytoplasmic domain of the pi integrin 

subunit have demonstrated an in vitro interaction with paxillin (Schaller et al., 1995). 

However, the interaction has as yet not been demonstrated in vivo. Paxillin is highly 

phosphorylated during cell adhesion and spreading on fibronectin and has a number of 

potential tyrosine and serine/threonine phosphorylation sites, plus five tyrosine 

containing sequences which resemble SH2 binding motifs (Turner & Miller 1994). There 

is also a short region rich in proline residues that provides a potential binding site for SH3 

containing proteins. Four LIM motifs are located within the carboxy region of paxillin 

that may be potential site for protein-protein interactions (Turner & Miller 1994). 

Targeting of paxillin to focal contacts is mediated by the LIM2 and LIM3 domains and is 

dependent on their phosphorylation (Brown et al., 1996; 1998).

J  In t r a c e l l u l a r  in t e r a c t io n s  a t  fo c a l  c o n t a c t s

The cytoskeletal proteins that interact with the integrin cytoplasmic tails also 

have the potential to interact with other proteins of the focal contact. All three of the 

integrin binding proteins I have mentioned, a-actinin, talin and paxillin, have the capacity 

to bind to vinculin, a structural protein of the focal contact. Vinculin is concentrated in 

focal contacts at the termini of actin microfilament bundles (Geiger 1979; Burridge & 

Feramisco, 1980; Feramisco & Burridge, 1980; Schliwa & Potter, 1986 reviewed by 

Jockusch et al., 1995). Mammalian fibroblasts have been shown to express three isoforms 

which differ in their phosphorylation states. The most acidic form is associated with 

focal contacts. Two proteins arising via alternative splicing at the mRNA level, vinculin 

and metavinculin, are found in platelets, cardiac muscle and smooth muscle (Feramisco et 

al., 1982; Turner & Burridge 198S). They share the same structural and immunological 

features but differ by an additional sequence inserted close to the carboxy-terminal part of 

porcine metavinculin (Feramisco et al., 1982; Gimona et al., 1988)

EM and sequence analysis have identified two morphologically distinct regions, a 

globular head and elongated tail region connected via a proline rich hinge region (Fig 2:13c: 

Milam 1985; Molony & Burridge 1985; Eimer 1993). Analysis of intact, recombinant and 

proteolytic fragments of vinculin reveal functional interactions with actin, talin, a-actinin



and paxillin. Talin and a-actinin binding sites are localised to the first 120 amino acids of 

the head domain of vinculin. Paxillin and F-actin binding sites are associated with the tail 

domain (Burridge &Mangeat 1984; Jones et al., 1989; Gilmore et al., 1993; Wood et al.. 

1994; Menkel eta l., 1994; Johnson & Craig 1995). The highly conserved region (residues 

713-749) of the tail region of a-actinin, close to the first EF-hand, contains the vinculin 

binding site (McGregor et al., 1994). In paxillin vinculin binding is mediated by a region 

spanning residues 143-164 (Turner et al., 1990; Brown et al., 1996).

Many interactions between the structural proteins of focal contacts are modulated 

by associations with focal contact signalling proteins such as FAK, tyrosine kinases. 

Serine/threonine kinases, phosphatases and phospholipids (See Section 1:3K). For 

example, vinculin binding interactions are dependent on its conformation modulated 

through interactions with acidic phospholipids. The tail fragment of vinculin interacts 

with phosphatidylinositol-4,5-bisphosphate (PIP2) (Gilmore & Burridge 1996; Weekes et 

al., 1996). PIP2 is an important membrane bound phospholipid that acts as a second 

messenger or directly associates with focal contact proteins (reviewed by Toker et al.. 

1998). Intramolecular interactions of the head and tail domain, involving residues 1-258. 

mask vinculin binding sites for its respective ligands. Studies using isolated fragments 

from the head and tail regions show that the interactions are much stronger than the intact 

protein as cryptic sites are exposed. Increasing PIP2 levels dissociates the head and tail 

inducing a conformational change that exposes talin and actin binding sites (Gilmore & 

Burridge 1996; Rudiger et al., 1998). Phospholipids are well established as secondary 

messengers in phospholipase pathways (reviewed by Jockusch et al., 1995; Rankin et al. 

1996, Toker etal 1998).

I have mentioned that paxillin is highly phosphorylated during cell adhesion and 

spreading on fibronectin and that targeting to focal contacts is dependent on its 

phosphorylation. It contains a number of potential phosphorylation sites in addition to 

potential SH2 and SH3 binding sites. The colocalisation of paxillin and FAK at focal 

contacts and their concurrent selective phosphorylation during cell adhesion, suggests 

their phosphorylation events are tightly coupled (Burridge et al., 1992). FAK



phosphorylates paxillin in vitro and in vivo forming a stable complex, independent of 

adhesion to the ECM (Turner et al., 1993; Hildebrand et al., 1995; Tachibana et al., 1995). 

The paxillin-binding site of FAK spans residues 904-1042 encompassing the focal contact 

targeting sequence of FAK (Hildebrand etal., 1995; Tachibana et al., 1995). Regardless of 

this overlap the paxillin binding function is distinct from FAK targeting, as demonstrated 

by the fact that when the extreme C-terminal 13 amino acids of FAK are replaced with an 

epitope tag, paxillin binding is blocked in vitro and in vivo yet there is no effect on focal 

contact targeting (Hildebrand et al., 1995). Paxillin-FAK interactions require FAK 

phosphorylation and its localisation to focal contacts (Schaller & Parsons 1995), whereas 

FAK phosphorylation of paxillin on residues, Y31 and Y118, and binding to regions 

spanning residues 143-164 (N-terminal) and 265-313 (C-terminal) has no function in 

paxillin targeting to focal contacts ( Schaller et al., 1995; Brown et al., 1996; Beilis et al.. 

1997). Even though vinculin and FAK share a common binding region in paxillin, vinculin 

has no apparent role in paxillin localisation to adhesion sites and its binding interactions 

with paxillin are distinct from these of FAK (Brown et al., 1996). Talin also complexes 

with FAK, independently of FAK autophosphorylation and activation and is implicated 

in FAK activation (Horwitz et al., 1986; Chen et al., 1995).

Paxillin also interacts with SH2 and SH3 containing proteins Src, Csk (C-terminal 

Src kinase) and Crk (an adapter protein) through its SH2 and SH3 domains (Birge el al.. 

1993; Songyang et a l, 1993; Wang et a l, 1993; Sabe et al., 1994). Binding involves 

phosphorylated tyrosine residues such as Y26, Y31 and Y113 which lie in consensus 

binding motifs of paxillin for Crk SH2 binding (Birge et al., 1993; Schaller & Parsons 

1995) and the proline rich region which mediates Src SH3 binding (Wang et al., 1993). 

The Src family of kinases are membrane associated and characterised by their Src 

homology domains, SH2 and SH3, which are involved in protein-protein interactions 

(Koch et al., 1991). SH2 recognises short motifs that bear phosphorylated tyrosine 

residues and SH3 binds to short proline rich sequences (Pawson 1995). Hunter & Simon 

(1993), have shown that vinculin and talin are src substrates in vitro.

In addition, direct interactions with F-actin have been demonstrated for the a2 

integrin subunit involving the C-terminal five amino acids (Keiffer Qt al., 1995). In



addition to this direct interaction between the integrin and actin cytoskeleton, integrin 

linkages with the cytoskeleton can involve number of intermediary proteins which act as 

structural linkers. Many of the proteins I have discussed also bind actin as well as 

integrins.

The actin binding site a-actinin localised to the N-terminal region of the protein, 

encompassing residues 120-134 (Jockusch & Isenburg, 1981; Baron et al., 1987). Within 

this sequence are highly conserved hydrophobic residues which are critical to the a- 

actinin-actin interaction (Kuhlman et al., 1992). Talin is also an actin binding protein 

(Maguruma et al., 1992; Niggli et al., 1994; Hemmings et al., 1996; McCann & Craig

1997) with binding activity isolated to three regions. The N-terminal binding site is 

homologous to the ERM family of actin binding proteins, whilst the C-terminal sites are 

similar to the yeast protein, Sla2, actin binding sites (Hemmings et al., 1996; McCann & 

Craig, 1997). Amino acid analysis reveals these are consensus I/LWEQ modules that 

represent conserved actin-binding motifs (McCann & Craig, 1997). These motifs are also 

found in C.elegans talin, Dictyostelium filopodin and a Sla2 C.elegans homologue 

(McCann & Craig, 1997). Both a-Actinin and talin have the potential to interact directly 

with integrins and actin at the same time. In contrast vinculin does not interact with 

integrin cytoplasmic domains, but can interact with actin. Vinculin has two discrete actin 

binding sites within the tail region that can bind actin independently. Both are need for 

crosslinking and bundling of actin filaments (Huttelmaier et al., 1997).

K  In t r a c e l l u l a r  in t e r a c t io n s  o f  f o c a l  c o n t a c t  s ig n a l l in g  p r o t e in s

Focal contact signalling proteins encompass a wide range of molecules which 

include protein kinase C, FAK (See Section 1:3H), Src-related kinases, phosphatases and 

phopholipids. In addition to their interactions with structural focal contact proteins 

many of them also interact with other signalling proteins in order modulate their own 

activity or that of their binding partner.

FAK activity is modulated by forming stable complexes with Src-related kinases, 

c-Src, v-Src, csk, and c-fyn (Cobb et al., 1994; Schaller et al., 1994; Xing et al., 1994).



The binding of the Src-related kinases to FAK is mediated by a short motif, YAEL 

resembling the consensus sequence motif of SH2 domains, YEEI (Songyang et al., 1993: 

Schaller et al., 1994). The motif located contains the predominant autophosphorylation 

residue, Y397 (Schaller et al., 1994) at the juncture of the N-terminal domain and kinase 

domain. Autophosphorylation increases affinity of the Y397 residue for Src family of 

tyrosine kinases and associations require the presence and structural integrity of the SH2 

domains of the Src-related kinases in vivo (Cobb et al., 1994; Xing et al., 1994). In 

particular mutation of the autophosphorylation residue Y397 to phenylalanine inhibited 

interactions with pp60-src (Schaller et al., 1994). Pretreating with tyrosine phosphatases 

reduced the ability of FAK to bind to SH2 domain proteins. Reciprocally, increasing 

autophosphorylation in vitro enhanced binding. This would suggest that the association 

of SH2 domain proteins with the Y397 residue protects it from phosphatase action (Cobb 

etal., 1994; Xing etal., 1994).

Assembly of FAK/Src complexes allows further sites on FAK to be 

phosphorylated by the associated Src kinase, thus promoting and regulating the activity 

of FAK and creating binding sites for other SH2 domain proteins (Calalb et al., 1995). Six 

tyrosine residues, Y397, Y407, Y576, Y577, Y861 and Y925 are phosphorylated in an 

adhesion-dependent manner (Calalb et al., 1995; 1996; Schlaepfer et al., 1996). Y397 as 

mentioned, is the predominant autophosphorylation residue (Schaller et al., 1994). In the 

presence of c-src in vitro and v-src in vivo, Y576 and Y577 display elevated levels of 

phosphorylation. Maximum FAK activity requires phosphorylation of both residues 

(Calalb et al., 1995). The molecular mechanisims underlying integrin induction of FAK 

activation and phosphorylation are not understood.

localisation of src to focal contacts is visible when cells are transformed with the 

viral form, v-src, but c-src demonstrates no obvious association with focal contacts even 

when over expressed (bav.dhRf&jty& Dooghe, 1990). By inhibiting the phosphorylation of 

tyrosine 527 (Y527) on c-src, a residue absent from v-src, the kinase is redistributed to 

focal adhesions, thus resembling v-src localisation (Kaplan et al., 1994). Regulating 

phosphorylation of the Y527 residue may be important for modulating src function and 

localisation. Substitution of Y527 with phenylalanine, which prevents phosphorylation.



also results in src localisation to focal adhesions. Targeting occurs in the absence of a 

kinase domain but does require an intact SH3 domain (Kaplan et al., 1994). It is possible 

that the interaction of SH3 with paxillin is responsible for focal contact localisation.

Csk, (C-terminal src) kinase acts as a negative regulator of src by phosphorylating 

its c-terminal regulatory domain at Y527 when src is complexed to FAK. This causes 

displacement of the SH2 domain of src from the complex promoting intramolecular 

bonding that sterically blocks activity. Overexpression of csk localises the kinase to focal 

adhesions, suggesting that normally its levels are too low to detect (Bergman et al., 1995). 

Phosphorylated Y527 allows SH3 domains to participate in intramolecular binding 

through the SH2 domain. This prevents any interactions with heterologous cellular 

proteins and locks the kinase into an inactive conformation (Cooper & Howell, 1993). 

SH2 modules may be responsible for src activation by displacing the intramolecular bonds 

through src SH2 binding to FAK. Cells expressing kinases lacking their catalytic domain 

but retaining intact SH2 and SH3 domains have enhanced levels of phosphotyrosine 

proteins in focal adhesions, particularly FAK (Kaplan et al., 1994). This maybe because 

SH2 binding may protect phosphorylated residues from phosphatase activity.

Other interactions of signalling molecules also affect focal contact assembly and 

cell adhesion behaviour. Treatment of cells with tyrosine phosphatases has been seen to 

reduce the ability of FAK to interact with SH2 domain proteins. For example, PTEN 

phosphatase binds and downregulates FAK tyrosine phosphorylation levels and so alters 

its activity. These effects are disrupted when FAK is overexpressed without altering cell 

spreading or morphology (Tamura et al., 1998). In contrast, protein tyrosine 

phosphatase-PEST (PTP-PEST) influences FAK activity indirectly, through its 

associations with paxillin (Shen et al., 1998). Macrophages isolated from src homology 2 

phosphatase-1 (Shp-1) null mice present enhanced attachment and spreading mediated by 

the a mp2 integrin (Roach et al., 1998). These cells enhanced PI 3-kinase activity and 

treatment with PI 3-kinase antagonists such as wortmannin indicate that it is important in 

cell spreading and attachment through a mP2 (Roach et al., 1998). The interplay between 

protein phosphatases and kinases allows the balance of their activities to be regulated.



Recently, there have been a number of studies identifying roles for various known 

phosphatases in focal adhesion and integrin mediated signalling (Liu et al., 1998; Roach et 

al., 1998; Schneider et al., 1998; Shen et al., 1998; Tamura et al., 1998; Yu et al., 1998). 

As yet the molecular mechanisms involved are not fully understood.

The phospholipid PIP2 can be sequestered from its binding proteins, through 

interactions with the myristoylated alanine rich C kinase substrate (MARCKS) when 

MARCKS is associated with the plasma membrane. Protein kinase C (PKC) 

phosphorylates serine residues within the MARCKS basic effector domain and releases it 

from the membrane. Dephosphorylation of MARCKS allows it to reassociate with the 

plasma membrane. This reversible cycling of MARCKS is referred to as the myristyol- 

electrostatic switch. Myat et a l, 1997 observed that a mutant MARCKS protein, 

deficient in this function, disrupts cell spreading leading to a reduction in cell attachment, 

thus these events appear to precede focal contact formation.

L  A c t in , a  c o m p o n e n t  o f  th e  c y t o s k e l e t o n

Actin is highly conserved throughout evolution and contains both cation and 

nucleotide binding sites. In conjunction with the microtubular and intermediate filament 

systems, it forms the physical basis of cellular cytoplasmic properties. Its structure and 

mechanical properties have been the subject of a number of reviews (Pollard 1990; Bremer 

and Aebi 1992 and Welch et al., 1997). Actin filaments comprise two strands of linked 

actin monomers which intertwine forming a right handed helix with 13 subunits per turn. 

The separate strands are staggered axially to each other by half a subunit.

The filaments are formed by polymerisation from intramolecular crosslinking of 

G-actin (reviewed by Pollard, 1990; Bremer & Aebi, 1992). The initial step is 

“nucleation” of G-actin monomers to form trimers (Pollard & Cooper, 1986; reviewed by 

Pollard, 1990). Mg2+ ion binding to G-actin monomers induces dimerisation and 

ultimately trimerisation of G-actin. “Elongation” follows with the addition and loss of 

actin subunits from the filament (Pollard, 1986; Korn et al., 1987; reviewed by Pollard, 

1990). The ends of each filament are experimentally defined by polarised myosin 

decoration as either pointed or barbed ends Association of subunits to either end is rapid.



whilst dissociation rates are much slower at the barbed end, thus filament elongation 

proceeds more rapidly at the barbed end (Drenklahn & Pollard, 1986). Subunit 

association and dissociation rates are apparently affected by nucleotide binding. As 

summarised by Pollard’s review, (1990) ADP-G-actin dissociates more rapidly than 

ATP-G-actin from the barbed end, the situation is reversed at the pointed end. This leads 

to a steady state flux of subunits through the filament when ATP is present.

M  M o d u l a t io n  o f  t h e  a ss e m b l y  a n d  o r g a n is a t io n  o f  th e  a c t i n

CYTOSKELETON

Fluorescent studies, photobleaching, biochemical analysis and the use of toxins, 

such as cytochalasin D, have demonstrated the dynamic properties of actin polymers. 

These rapid rearrangements occur at steady state and during the cell cycle, allowing the 

cell to respond quickly to any changes in its status or environment. Regulation of 

polymerisation rates, filament length and bundling of actin is tightly associated with cell- 

matrix interactions. Talin and a-actinin are two known actin binding proteins as 

discussed previously which influence actin cytoskeletal organisation through their direct 

binding. Talin binds to both F-actin and G-actin promoting G-actin polymerisation and 

the nucleation of F-actin in vitro (Maguruma et al., 1990; Kaufmann et a l ., 1991). The 

actin nucleation and binding activity of talin is associated with the large 200 kDa 

proteolytic fragment and its activity is comparable with the native protein (Niggli et al..

1994).

a-Actinin acts as a spacer molecule crosslinking individual actin filaments into 

bundles (Jockusch & Isenberg, 1981; Meyer & Aebi, 1990). The molecular length of a- 

actinin is critical to F-actin filament bundling (Meyer & Aebi, 1990). Deletions within the 

N and C-terminal regions of a-actinin confined the actin binding site to residues 120-134 

of each polypeptide (Kuhlmann et al., 1992). a-Actinin forms homodimers which 

orientate in an antiparallel fashion. This allows one a-actinin homodimer to interact with 

two F-actin strands and crosslink them together.



PIP2 also influences actin cytoskeleton assembly by direct associations with the 

actin binding proteins, gelsolin and profilin. Rapid turnover of actin is controlled by 

various capping and sequestering proteins for example, gelsolin. Gelsolin dissociates from 

actin’s fast growing or barbed end by PIP2 action. Loss of gelsolin from actin filaments in 

thrombin activated platelets correlates with increases in PIP2 levels. Exogenously added 

PIP2 can uncap F-actin within unstimulated permeabilised platelets. These events are also 

stimulated by Rac, GTP and GTPyS (See below) and are inhibited by GDPpS and PI P2 

binding peptides derived from gelsolin and profilin (Toker et al., 1998).

T h e  in v o l v e m e n t  o f  R h o  G T P a se s  in  a c t in  c y t o s k e l e t a l  o r g a n is a t io n

The family of Rho GTPases includes Rho A, Rac, Cdc42 and Rndl (reviewed by 

Tapon & Hall 1997; Machesky & Hall 1997; Hall 1998). They exist either in an active 

GTP-bound form or as an inactive GDP-bound form. Cycling between the two states is 

modulated by a number of accessory proteins: GTPase activating proteins (GAPs) which 

stimulate GTP hydrolysis and return the activated GTPase to an inactive form (Lamarche 

and Hall 1994); guanine nucleotide exchange factors (GEFs), of the dbl family of 

oncoproteins promote GDP/GTP exchange resulting in activation of Rho GTPases 

(Cerione & Zheng 1996; Ridley et al., 1993); and guanine nucleotide dissociation 

inhibitors which maintain Rho GTPases in their inactive or resting state (Ueda et al.. 

1990). The regulation of Rho GTPases is very complex and evidence suggests that a 

number of members of the ras superfamily of GTPases for example, pl20RasGAP and 

pl90RhoGAP may interact via their GAPs (Settleman et al., 1992).

Effects of Rho GTPases on cytoskeletal dynamics is well documented with 

regards to mammalian fibroblastic cells (Ridley & Hall, 1992). There is also evidence that 

the Rho family has a similar role to play in all eukaryotic cells. For example, active cdc42 

and Rac affect cytoskeletal organisation in macrophages (Allen et a l , 1997), and inhibition 

of rho activity increases oi6pi mediated adhesion of a monocyte cell line (Aepfelbacher et 

a l , 1996). The involvement of Rho in cytoskeletal organisation was first observed using 

the toxin Clostiridium botulinum C3 exotransferase (C3), which inactivates rho by ADP 

ribosylation. Treatment of cells with C3 disrupts actin stress fibres (Akories & Hail.



1989; Chardin et al., 1989; Sekine et al., 1989). This was extended by using a 

constitutively active rho, generated by mutating gly-14 in the effector domain to valine. 

Microinjection into quiescent fibroblasts rapidly induces assembly of contractile actin- 

myosin filaments, stress fibres, and focal adhesions (Paterson et al., 1990; Ridley & Hall. 

1992; Hotchin & Hall 1995).

Each family member has specific effects on cytoskeletal for example, in rat 

fibroblasts, rho regulates the assembly of actin stress fibres and is essential for focal 

complexes (Ridley & Hall, 1992. Hotchin & Hall, 1995). Lamellipodia, membrane ruffles 

and highly motile filopdia assemble with activation of Rac and Cdc42 respectively (Ridley 

et al., 1992; Nobes & Hall, 1995; Hall, 1998). In contrast a recently described member of 

the family, Rndl, promotes disassembly of the actin cytoskeleton and focal adhesions in 

growing rat endothelial fibroblasts (REFs) and MDCK cells (Nobes et al., 1998). 

Additionally, LPA-induced stress fibre formation and platelet derived growth factor 

(PDGF) stimulated lamellipodia protrusions are blocked by Rnd 1 (Nobes et al., 1998).

Many of these studies have required soluble extracellular factors such as PDGF or 

LPA to stimulate Rho GTPase activity. Less is known about how the immobilised ECM 

molecules affect Rho GTPase function.

M e c h a n ic a l  t e n s io n  a n d  c o n t r a c t il it y  in  c y t o s k e l e t a l  d y n a m ic s

Many agents that stimulate focal adhesion and stress fibre formation via Rho 

pathways, also induce cells to contract, such as lysophosphatidic acid (LPA). Tins 

suggests a mechanism by which Rho induced contractility stimulates focal adhesion 

formation. Phosphorylation of myosin light chain kinase (MLCK) regulates contractility 

within nonmuscle cells (Citi & Kendrick-Jones, 1987). Inactivation of MLCK promotes 

focal adhesion and stress fibre disassembly. Activated Rho stimulates MLCK 

phosphorylation in fibroblasts before formation of stress fibres and focal contacts, and 

this leads to increases in contractility (Chrzanowska-Woodnika & Burridge, 1996). The 

tensegrity hypothesis proposes that stress-induced changes in cytoskeletal mechanics 

such as stiffness and topology may alter the function of structural molecules that form the



cytoskeleton. Alterations can expose or obscure internal molecular binding sites and 

release mechanical constraints (Ingber, 1993).

Contractile actin microfilaments generate tension by pulling inward on the plasma 

membrane and the cell’s internal components. These forces are resisted by external 

adhesions to the ECM and other cells. Microtubules balance this tension, as disrupting 

their networks with drugs, such as nocadazole, enhances formation of stress fibres and 

focal adhesions (Bershadsky et al., 1996; Chicurel et al., 1998). Tensile strength provided 

by the actin cytoskeleton is a major determinant of cell deformability (Pourati et a l .. 

1998). Direct mechanical changes in the forces distending the cytoskeleton, causing 

stretch-induced stiffening of cells, is due to the tension generated and not due biochemical 

processes (Pourati et al., 1998). There is evidence to indicate that the actin cytoskeleton 

provides a discrete path for mechanical force transfer from the cell surface to the nucleus 

(Maniotis et al., 1997).

N M o d u l a t in g  f o c a l  a d h e s io n s

Focal contacts as previously described (Ref. Section 1:3F) form at sites of 

ECM/integrin interactions. Their formation and maintenance is subject to modulation 

from the ECM, mediated by integrins and other non-integrin cell surface receptors. There 

are a number of ECM proteins which disrupt established focal contacts and prevent their 

formation, these include TSP-1 and tenascin. BAE cells are seen to attach, but not to 

spread ,on fibronectin or fibrinogen when pretreated with soluble TSP-1 before or at the 

time of plating (Murphy-Ullrich et al., 1989). When treated with soluble TSP-1 prior to 

seeding cells do not form focal contacts. In contrast, cells treated with soluble TSP-1 at 

the time of seeding form low numbers of focal contacts restricted to the cell periphery 

(Murphy-Ullrich et al., 1989). Soluble TSP-1 disrupts focal contacts in spread cells 

leaving peripheral attachments (Murphy-Ullrich et al., 1993). The effect is blocked by 

heparin, heparan sulphate, heparin binding proteins and antibodies to the heparin binding 

domain of TSP-1 (Murphy-Ullrich etal., 1993). A peptide containing residues 17-35. 

from the heparin binding domain of TSP-1, caused maximal loss of focal adhesions from 

attached endothelial cells. Mutagenesis of lysines 24 and 32 revealed that the basic amino



acids of the heparin binding region were important to the focal adhesion labilising activity 

of TSP-1 (Murphy-Ullrich et al., 1993). The use of pharmacological agents such as 

wortmannin and KT5823 has established that both PI 3-kinase and a cyclic GMP 

dependent kinase (PKG) are involved in TSP-1 disruption of focal contacts (Murphy- 

Ullrich et al., 1996; Greenwood et al., 1998).

M ig r a t io n

Signals from the ECM do not act individually but are processed in the context of 

the cellular microenviroment. Cell migration demonstrates complex modulation and 

integration of adhesive functions and obviously cell-matrix adhesive interactions play key 

roles in migration (Stossel 1993; Huttenlocher et al., 1995; Lauffenburger & Horowitz 

1996; Mitchison & Cramer 1996). Migration can be divided into three events: (a) 

initiation of movement by the directional extension of the leading edge; (b) stabilisation of 

lamellipodium through cell substratum adhesive interactions; and (c) release of adhesive 

interactions at the rear of the cell (Fig. lix).

The extension of lamellipodia and filopodia from the leading edge of cells correlates 

with local increases in actin polymerisation (reviewed Stossel 1993; Machesky 1997). A 

critical feature for migrating cells is the stabilisation of these membrane protrusions 

through adhesive interactions (Izzard & Lochner 1980). Video tracking of integrins, using 

non-adhesion perturbing antibodies directed against the pi subunits, has demonstrated 

that they are rapidly localised to the leading edge (Regan & Horwitz, 1992). Other focal 

adhesion proteins also accumulate there demonstrating that the leading edge is a site of 

focal adhesion formation (Izzard & Lochner 1980; Schmidt et al., 1993; Felsenfeld e t al..

1996). The adhesion complexes start as small aggregates but enlarge as the cell continues 

to protrude forward, such that larger focal contacts are therefore concentrated at the rear 

of motile cells. At the rear, cells must detach as forward movement progresses. Thus, 

adhesions at the leading edge need to be replenished as new integrin adhesions form, but 

the mechanisims involved are unclear (Schmidt et al., 1993).

Non-integrin adhesion complexes can also be found at the leading edge of many cell 

types. For example, a number of studies have demonstrated that fascin, an actin bundling





protein (Ref. Section 1:4), localises in microspikes at the leading edge of migrating cells 

such as glioma and C2C12 cells (Lin et al., 1996; Adams, 1997). Lin and colleagues 

(1996), demonstrated that fascin localised to lamellipodia at the leading edge of polarised 

glioma cells when plated on a poly-L-Lysine substratum. Fascin was seen to associate 

with actin microspike structures concentrated within the lamellipodia (Lin et al., 1996). 

In low density cultures of C2C12 cells fascin microspikes were demonstrated to localise 

at the leading edge of polarised cells and spreading margins of postmitotic cells undergoing 

cytokinesis (Adams, 1997). Because fascin microspike formation, can be induced 

experimentally through cell adhesion to TSP-1 (See Section 1:4), TSP-1 matrix deposition 

was investigated in low density C2C12 cell cultures. TSP-1 was deposited in granular 

patches concentrated around and below the lamellipodia at the leading edge of polarised 

cells, but was absent or diminished at the rear of cells (Adams, 1997). Levels of cell 

surface associated TSP-1 were decreased by treatment with soluble heparin (Ref. Section 

1:2D), this reduced the number of fascin microspikes and membrane ruffles of polarised 

cells. Motility rates were also significantly reduced and 28% of cells that were tracked 

displayed a non-polarised morphology and moved non-productively in more than one 

direction (Adams, 1997). Overexpression of fascin in porcine epithelial cells induced large 

alterations in cytoskeletal organisation, motility and morphology (Yamashiro et a l, 1998). 

The number of microvilli at the apical surface of the cells increased as did the thickness 

and length of individual microvilli. Cell-cell contacts became disorganised and the 

basolateral membrane was seen to extend lamellipodia-like protrusions (Yamashiro el al..

1998). Significant increases in motility rates of up to 17x that of control cell populations 

were also observed in fascin overexpressors (Yamashiro et a l, 1998). These data 

demonstrate that the adhesions at the leading edge of cells are distinct from those at the 

rear, involve formation of fascin microspikes and are subject to modulation by ECM 

molecules that include TSP-1.

The ability of a cell to move is closely linked to a balance of contractile and 

tractional forces. The motile cell has two independent force generation mechanisms; (a), a 

protrusive force that extends membrane processes through pressure established by actin 

crosslinking; and (b), a contractile force that is dependent on actin-myosin motors that



generate inward tension within the cell. The internal contractile forces are dissipated by 

deforming cell shape and disrupting cell-matrix adhesive structures, whilst the substratum 

exerts an equal but opposite force on the cell via the same adhesive structures provided by 

the linkage between ECM, integrins and cytoskeleton. In order for the cell to move, there 

must be asymmetrical dissipation of the tractile force between the rear and leading edge. 

Therefore, the rate of migration is inversely proportional to the contractile force (Oliver et 

al., 1994; S heetz et al., 1994; Huttenlocher et al., 1995). Release at the rear is driven by 

an ATP dependent contractile system. Development of contractile forces is clearly 

important for cell movement, as a myosin II mutation in Dictyostelium reduces the rate of 

migration especially when supported on a highly adhesive substratum (Wessels et al.. 

1988; Jay etal., 1995).

Release at the rear of a cell appears to involve ripping of matrix associated 

integrins from the plasma membrane so that they remain attached to the substratum. 

Focal adhesion proteins such as talin and vinculin are not associated with these adhesions 

and accumulate at the rear of the retracted cell to be reused. Clearly the rear adhesions 

have weak cytoskeletal support and new adhesions do not form in this region (Regen & 

Horowitz, 1992; Schmidt etal., 1993). The ripping of integrins and associated membrane 

from cells has only been described for fibroblasts. Integrins which do detach from the 

matrix do detach are either dispersed over the cell surface for endocytosis and relocation 

to assemble focal adhesions at the leading edge, or they remain aggregated and form new 

adhesions (Regen & Horowitz, 1992; Palecd(e/ al., 1996). The mechanisims that relocate 

the integrins and detached focal adhesion proteins are not understood, yet modulating the 

formation and dissolution of adhesive structures is pivotal to the mechanism of migration.

Maximal rates of migration are predicted to occur at an intermediate ratio of 

internal contractile force to cell-substratum adhesiveness, when the cell can both form new 

adhesions at the leading edge and release at the rear. Strong focal adhesions are associated 

with less motile cells whilst migratory cells appear to have less organised cell-substratum 

adhesions (Couchman & Rees, 1979). Thus, there is an inverse relationship between focal 

adhesion organisation and migratory rate. This indicates one possible mechanism by 

which matrix proteins like TSP-1 can affect cell motility, since TSP-1: (a), destabilises



focal contacts (Ref. Section 1:3N); (b), does not promote the formation of focal contacts 

(Ref. Section 1:3N); and (c), promotes the chemotaxis of monocytes and neutrophils 

(Mansfield &, 1994; Suchard & Mansfield, 1994). On an ECM which promotes focal 

contact formation, the following variables could modulate these ratios: ligand

concentration; integrin expression levels and binding affinities (Paleck et al., 1997). All 

three were demonstrated to affect migration rates through their effects on the short term 

strength of adhesions (Huttenlocher et al, 1995; Paleck et a l, 1997). The concentration 

of ligand required to produce maximum speeds decreased as integrin expression was 

increased. Similarly, increases in integrin affinities resulted in increased motility on lower 

ligand concentration. However, the maximum speed was stable, suggesting that the 

association with intracellular motors is not affected by these variables (Paleck et al. 

1997). Mutations of integrin cytoplasmic domains which affect cytoskeletal organisation 

but not integrin affinity, also decreased migration rate. Altering the concentration of 

ligand compensated this effect (Huttenlocher et a l, 1996).

Migration is evidently very complex and modulation of adhesive interactions 

between the cell and substratum are crucial in generating the physical forces required to 

allow a cell to move. Single signals from the ECM can not account for the complexity of 

such behaviour. There must be multiple signals received by the cell from the ECM.

I n t e g r a t io n  a n d  C r o s s t a l k  in  c e l l - m a t r ix  a d h e s io n

I have described the focal adhesion complexes associated with integrin receptor 

mediated adhesion and discussed how factors such as ligand diversity, affinity modulation 

by cation binding can modulate integrin mediated cell responses (See 1:3E). I have also 

described other cell surface molecules of cells that interact with the ECM, involved in 

different types of adhesion contacts and mediate distinct pathways (See section 1:2H). 11 

is becoming apparent that these pathways which originate from different ECM-cell 

interactions, are integrated within the cells. Through their cross-talk they may modulate 

the effects of other signals, such that the ultimate result of cell behaviour in terms of 

proliferation, differentiation, adhesion or migration is an integrated process.



An example of cross talk from non-integrin cell surface receptors mediating signals 

from the ECM is provided by the modulation of a vp3 integrin by CD47. CD47 

copurifies with 0Cvp3 and coimmunoprecipitates with the p3 subunit, indicating a possible 

physical association (Lindberg et al., 1993). Anti-CD47 monoclonals and polyclonals 

inhibit a vp3 mediated adhesion of cells to vitronectin-covered beads (Lindberg et a I.. 

1993). A CD47 deficient human cell line which expresses a v integrins does not attach to 

vitronectin-coated beads (Lindberg et al., 1996). Increased expression of the a vp3 integrin. 

or increasing vitronectin density on the bead does not overcome this defect. Only when 

CD47 is expressed is adhesion to vitronectin restored (Lindberg et al., 1996). This cross

talk effect is specific, because fibronectin-binding via the a 5Pi integrin is unaffected in 

CD47 deficient cells.

CD47 has been identified as a receptor for the C-terminal domain of TSP-1, which 

binds to the conserved RFYVVM site (Gao & Frazier, 1994; Gao et al., 1996). otvp3 

mediated spreading but not attachment of melanoma cells on low concentrations of 

vitronectin was enhanced by addition of soluble TSP-1 or recombinant proteins of the 

CTD or the KRFYVVMWKK adhesion motif of TSP-1 (Gao et a l , 1996b). Enhanced 

spreading was not observed when a mutant adhesion motif (KRFYGGMWKK), which 

does not bind CD47 was used. Increased spreading is also seen when the density of 

vitronectin is increased. In both cases the effects were blocked by treatment with 

wortmannin, calphostin C or tyrosine kinase inhibitors. Treatment of cells with pertussis 

toxin, which targets heterotrimeric Gj-proteins, blocked the effects induced by soluble 

TSP-1 and recombinant TSP-1 proteins specifically and did not block spreading in 

response to vitronectin alone. These results would imply that the signalling cascade 

initiated by TSP-1 CTD binding to CD47 is upstream of a common adhesion and 

spreading pathway that involves PKC, PI 3-kinase and tyrosine kinases ( Fig. lx; Gao et 

al., 1996b). CD47/TSP-1 interactions also modulate 0Cnbp3 mediated platelet aggregation 

and platelet spreading on fibrinogen, via a heterotrimeric Gj-protein pathway (Chung et 

al., 1997). In particular, CD47 mediated events in platelets are seen to selectively 

phosphorylate the Src-related kinases, syk and lyn in association with FAK (Chung et al..





1997). TSP-1 peptide affinity columns bound CD47 specifically in association with syk. 

c-Src and the allb  and (33 integrin subunits. These molecules are also detected in CD47 

immunoprecipitations ( See Fig. lx; Chung et al., 1997).

CD47/TSP-1 interactions also modulate chemotactic responses in endothelial and 

smooth muscle cells. Endothelial cell chemotaxis towards concentrations of TSP-1 and 

the RFYVVM peptide sequence, involving the 0 ^ 3  integrin, was specifically blocked by 

a function perturbing anti-CD47 monoclonal (Gao et al., 1996). TSP-1 and the RFYVVM 

peptide produced a synergistic chemotactic response in both human and rat smooth 

muscle cells on gelatin-coated filters but not on alternative substrata which included 

fibronectin. The response was partially blocked by monoclonals to the a 2 and (33 

integrin subunits and was completely blocked when the monoclonals were used together. 

In contrast to endothelial cells, the use of anti-av(33 function blocking antibodies did not 

block TSP-1 induced chemotaxis (Wang & Frazier, 1998). TSP-1 induced chemotaxis of 

human melanoma cells is also mediated via CD47 and is seen to be modulated by a 

heterotrimeric Gj.protein dependent pathway (Guo et al., 1998). These examples 

illustrate clearly how integrin mediated adhesion can be modulated positively though the 

integration of pathways initiated by interactions of a non integrin receptor with TSP-1.

Another example of cooperation between two different receptor systems involves 

the syndecan family of transmembrane proteoglycans. These receptors can modulate 

integrin mediated celFmatrix interactions (reviewed Woods & Couchman 1998). As 

previously described in section 1:2H, syndecan-1 can interact with the actin cytoskeleton 

when clustered by antibodies and its transfection into Schwann cells significantly 

enhances cell spreading and stress fibre formation (Carey, 1997). Codistribution of 

syndecan-1 with actin microfilaments is transient during cell spreading, and it does not 

associate with focal contacts. Syndecan-4 colocalises with integrins at focal contacts



irrespective of the class of integrin which is ligated by ECM (Woods & Couchman, 199 ). 

Its localisation is dependent on PKC activation as demonstrated by the effects of 

activating PKC in the absence of syndecan-4 ligands localises syndecan-4 to focal 

adhesions (Baciu& Goetinck, 1995). Syndecan-4’s cytoplasmic variable region can bind 

PIP2 which potentiates syndecan-4 oligomerisation. The degree of oligomerisation 

correlates with PKC activity. Thus, in vivo, syndecan-4 is thought to modulate PKC 

activity by the degree of clustering that occurs in response to external ligands (Oh et al.. 

1997a; 1997b; Lee et al., 1998). Specifically, by binding PIP2 syndecan-4 potentiates 

PIP2 activation of PKC. PIP2 binds to the regulatory domain of PKC (Pap et a l 1993) 

whereas syndecan-4 binds to the catalytic domain possibly forming a ternary complex. 

PIP2 is produced as a result of PI 5-kinase activation on integrin-ligand binding (McNamee 

et al., 1993). Therefore, initial integrin binding of ligands could increase PIP2 metabolism 

and thus promote PIP2 binding to PKC and syndecan-4. Clustering of syndecan-4 by 

ligands could elevate PKC activation and maybe enhance phosphorylation of other focal 

contact proteins. Antibody induced clustering of syndecan-4 induces focal contact 

formation on already adherent cells (Woods & Couchman 1998).

These are just some examples of cross talk between different pathways that are 

mediated by distinct receptors. Increasing evidence demonstrates that a complex 

integration of multiple signals derived from isolated cell-matrix interactions acts to initiate 

a specific cellular response. Externally, how this information is presented to a cell will 

also effect the interplay of signalling pathways. Different ligands will undoubtedly 

initiate distinct pathways depending on the receptors they interact with. For example, I 

have just described how TSP-1 through IAP initiates a heterotrimeric Gi-protein pathway 

upstream of a common PKC pathway associated with integrin mediated adhesion to 

vitronectin and fibrinogen. Clearly TSP-1 passes information along distinct and common 

pathways in comparison to fibronectin.

1:4 MYOBLAST ADHESION TO TSP-1

Cell adhesive responses to TSP-1 vary and attachment and spreading are not 

always linked. Additionally, the induction of spreading does not correlate with the



recognition of a specific cell binding site (Adams & Lawler, 1993, Asch et al., 1991). It is 

thought most likely that TSP-1 adhesive interactions involve the cooperative interaction 

of several domains with their respective cell surface receptors. Understanding these 

interactions and the cell spreading responses requires the mechanisms underlying the 

process to be elucidated.

Myoblast cell lines can be used to elucidate the mechanisms involved in TSP-1 /cell 

interactions because, as discussed previously, TSP-1 appears to be intimately involved in 

the development of skeletal muscle and its repair in vivo (O’Shea & Dixit, 1988; Watkin's 

et al., 1990; Hantai et al., 1991; Corless et al., 1992). Although, cultured rat myoblasts 

were shown not to synthesise TSP-1 (Dreyfus & Lahav, 1988), TSP-1 synthesis and 

ECM incorporation was observed in a number of murine myoblast cell lines (Hantai et al.. 

1991; Adams & Lawler, 1994). Myoblasts adhere strongly and spread extensively on 

TSP-1 in a calcium dependent fashion (Adams & Lawler, 1994, Adams, 1995). A 140kDa 

tryptic TSP-1 fragment supports myoblast adhesion and the use of specific antibodies 

implicates the type 1 repeats and carboxyl domain of TSP-1 as binding to the myoblasts 

(Adams & Lawler, 1994). Further analysis reveals that a 70kDa chymotryptic fragment 

of the central core rod region, containing the type 1 repeats, cannot support myoblast 

adhesion. However, a GST fusion protein of the carboxyl domain plus the final type 3 

repeat, with nonfunctional RGD motif, promotes myoblast adhesion and partial spreading 

(Adams & Lawler, 1994). This suggests that the carboxyl domain is the primary adhesion 

site for myoblasts. However, with respect to intact TSP-1 the type 1 repeats and 

COOH-domain probably work in synergy because the adhesive activity of the C-terminal 

domain is much lower then that of the intact molecule.

When comparing myoblast cells adherent on TSP-1 to cells adherent on fibronectin 

the most obvious difference is cell shape (Adams & Lawler, 1994; Adams, 1995). When 

plated on TSP-1, myoblasts have a less regular shape than the polygonal shape they 

assume upon fibronectin substratum adhesion. There appear to be a greater number of 

membrane ruffles, radial actin ribs and large lamellae (Adams & Lawler, 1994; Adams. 

1995). These effects are seen within 1 hrs of seeding. After 4 hrs the cells appear to



move towards a more regular shape, similar to the fibronectin adherent cells. This is due 

to the production of endogenous matrix containing fibronectin and laminin.

Comparison of the actin organisation of cells plated on fibronectin with cells 

plated on TSP-1 reveals a distinct difference in cytoskeletal organisation (Adams & 

Lawler, 1994; Adams, 1995; 1997). These differences suggest potentially distinct 

underlying molecular mechanisms. Phalloidon staining of the actin cytoskeleton reveals a 

reduction in microfilament bundles in TSP-1 adherent cells. Instead, the actin is organised 

into microspike structures within the lamellae and into microfilament bundles in the cell 

body (Adams & Lawler, 1994; Adams, 1995; 1997). These alterations are also observed 

in non skeletal muscle cells which are plated on TSP-1 (Adams et al., 1997). The ability 

of a range of cell lines to attach and spread on TSP-1 indicates a common mechanism 

involving fascin in cell spreading on TSP-1. Staining for common focal contact proteins 

such as vinculin and paxillin reveals that myoblasts adherent to TSP-1 do not form focal 

contacts. As yet it is not apparent whether this is due to a lack of focal contact 

promoting signals or due to inhibitory signals derived from cell surface interactions with 

TSP-1. The myoblasts are capable of forming focal contacts, as cells adherent on 

fibronectin have localised vinculin and paxillin staining and overnight cultures of TSP-1 

adherent cells exhibit relocalisation of vinculin to focal contacts (Adams, 1995). The actin 

microspike structures appear biochemically distinct because, fascin, an actin bundling 

protein, was found to localise to the actin microspike structures together with myosin, 

but not to the microfilaments (Adams, 1995; 1997). In fibronectin adherent cells there 

was no localisation of fascin to actin structures, instead the staining was diffuse (Adams. 

1995; 1997).

Fascin has a molecular weight of 55kDa and was initially isolated from sea urchin 

eggs (Kane, 1975; Bryan & Kane 1978). Currently, a number of groups have cloned 

mouse, human, Xenopus, Drosophila and bovine fascins (Duh et al., 1994; Mosialos et al.. 

1994; Holthius et al., 1994; Edwards et al., 1995; Saishen et al., 1997). Its actin bundling 

functions were first illustrated by Drosophila singed mutants which exhibited defective 

cytoplasmic transport during oogenesis and abnormal bristle formation because of an 

inability to stabilise actin bundling (Cant et a l, 1994; 1998). Its association with the



cytoskeleton in long term adherent cells was first demonstrated by Yamashiro-Matsumura 

etal., (1985; 1986).

Myoblasts plated on mixed substrata of fibronectin and TSP-1 display a shift 

from microspike to focal contact based adhesion dependent on the percentage 

concentration of each substratum component. On 25% fibronectin there were fewer 

fascin stained microspikes and actin microfilament bundles in comparison to 100% TSP-1. 

Increased vinculin localisation to focal contacts was detected together with a few stress 

fibres (Adams, 1997). Actin bundle organisation can vary according to the associating 

proteins. For example stress fibres are long bundles of microfilaments which display 

myosin mediated contraction and are associated with integrin mediated adhesion. 

Microspike structures, associated with adhesion on TSP-1, are in contrast to stress fibres 

short bundles of microfilaments at the periphery of the cell that stain for fascin. On 

intermediate substrata of 50:50 fibronectin:TSP-l, cell spreading was increased. Fascin 

microspikes and membrane ruffles were clearly reduced in comparison to maximal TSP-1 

attachment (Adams, 1997). At a concentration of 75% fibronectin, stress fibres were 

very prominent and there were virtually no fascin stained microspikes or membrane 

ruffles (Adams, 1997). These results provide an example of cross-talk between matrix 

components at the level of the cytoskeleton.

Microspike organisation can be affected by the activity of signalling molecules. 

The fascin microspike structures are stable when the phosphotyrosine levels are altered 

by vanadate and genistein treatment. TSP-1 adherent cells treated with vanadate retract 

but remain attached and display increased actin and fascin localisation to the microspike 

structures. Genistein treatment appears to lengthen the microspikes so that they appear 

more slender (Adams, 1995; 1997). As discussed earlier in this chapter phosphorylation 

and dephosphorylation play key roles in cell-ECM interactions. Studies on the specific 

interactions of myoblasts with TSP-1, indicate that phosphotyrosine levels affect the 

cytoskeletal organisation within cells adherent to TSP-1 and may indicate possible 

molecular pathways. Additionally, fascin bundling activities are known to be modulated 

by PKC phosphorylation of a consensus sequence within the N-terminus of fascin 

(Yamakita et al., 1996; Ono et al., 1997).



The cell surface receptors which bind the type 1 repeats and C-terminus of TSP-1 

are under active investigation. Heparin has no effect on cell attachment to TSP-1 but 

chondroitin sulphate A inhibits myoblast adhesion. There is also a 60% reduction in the 

number of cells attached to TSP-1 when treated with the competitive inhibitor of GAG 

chain addition, P-D-xylopyranoside (Adams & Lawler, 1994; Adams, 1997). 

Proteoglycans with chondroitin sulphate side chains are thus good candidates for 

supporting cell adhesion to TSP-1. Syndecan-1 may be a suitable candidate as it is 

expressed by myoblast cell lines and colocalises with TSP-1 within developing skeletal 

muscle (Corless etal., 1992). Another candidate is CD47, identified as a receptor for the 

CBD of TSP-1 (Ai-Gao & Frazier, 1994; Gao et al., 1996). Also expressed in myoblasts, 

it has previously been associated with the modulation of a vp3 attachment to vitronectin 

substrates. In particular soluble TSP-1 has been shown to modulate the avp3-vitronectin 

interaction through CD47 which exerts its effects via a heterotrimeric Gi protein upstream 

of a common PKC pathway (Lindberg et al., 1993; Lindberg et al., 1996; Gao et al., 1996). 

Myoblasts in culture express both a vp3 and a 5Pi integrins. Yet it is apparent that RGD 

dependent integrins are not involved as RGD peptides do not interfere with adhesion to 

TSP-1 (Adams & Lawler, 1994). If CD47 is involved it is probably interacting 

independently from the integrins. Although non-RGD integrin dependent adhesive 

interactions with TSP-1 have been reported involving a2, a4 and pi integrins in platelets 

and T-cells, myoblasts do not express a 4pi (reviewed Adams et al., 1995).

Understanding which receptors are involved and the underlying molecular 

pathways mediating these specific responses are an important goal. It is evident is that 

TSP-1 initiates a distinct set of intracelluar events that differ from those observed during 

myoblast attachment to fibronectin, mediated by integrins. It is important to define these 

events because of the modulatory effects of TSP-1 in cells and tissues. Identifying the 

molecules involved is crucial to understanding the mechanisms involved. One sue It 

molecule which has been found to participate in TSP-1 mediated adhesion of myoblasts is 

a novel intracellular protein, Muskelin.



1:5 MUSKELIN

Muskelin is a widely expressed novel intracellular protein, identified using an 

expression cloning system based on a TSP-1 adhesion assay (Adams et al., 1998). It is 

the first example of a protein not previously identified in integrin mediated pathways. 

The strategy involved screening a C2C12 myoblast cDNA library for molecules which 

would promote COS-7 cell adhesion to the C-terminal globular domain of TSP-1, hTSPl - 

C (Adams et al., 1998). This lead to the identification of a novel intracellular molecule, 

muskelin. Northern blot analysis of mouse tissue revealed a broad expression of a 2.4kb 

transcript, with the highest levels detected in liver, kidney, testis and heart. Muskelin is a 

735 amino acid protein with an apparent molecular weight of 82 kDa and predicted pi of 

6.1 (Adams et al., 1998). The polypeptide sequence is novel with the exception of six 

dispersed motifs, within the C-terminal region of the protein (Fig. lxi), which have 

homology with the tandem kelch motifs, initially identified in the Drosophila Kelch ORF 

1 protein (Xue & Cooly 1993; Adams et al., 1998).

A K e l c h  m o t if  p r o t e in s

The kelch motif appears to be conserved though out evolution and there are a 

growing number of proteins which contain these motifs (Fig.lxii). The available 

functional data may provide some notions as to the mechanism of action of muskelin, and 

therefore I review what is known about these proteins here. These include viral open 

reading frames (ORFs), murine IAP-promoted placenta-expressed gene (MIPP), Calicin. 

a  and p scruin, SPE-26, actin-fragmin kinase, teal protein, host cell factor (HCF), ENC-1 

andNRP/B (Chang et al., 1991; Koonin et al., 1992; Xue & Cooley, 1993; Bulow et al.. 

1995; Varkey et al., 1995; Way et al., 1995a; Way et al., 1995b; Eichinger et al., 1996; 

Mata & Nurse et al., 1997; Wilson et al., 1997; Kim et al., 1998).

Kelch transcribes two open reading frames, ORF1 and ORF2, separated by a 

UGA stop codon. The kelch ORF1 protein has six tandem kelch motifs of 50 amino acid 

repeats within its C-terminal half. Each motif contains seven invariant residues (Xue & 

Cooley, 1993). The Kelch protein was identified through studies of a maternal sterile 

mutant, affecting kelch (Schupbach & Wieschaus, 1991; Xue & Cooley, 1993). The
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Fig. lxii Schematic diagram of muskelin and examples of proteins containing tandem kelch 

motifs. Green boxes represent tandem kelch motifs; red boxes represent non-contiguous 

kelch motifs; black lines represent non kelch sequence; and dashed black lines represent 

unknown sequence.



mutation is fully penetrant and recessive with very little variation in phenotype. Mutant 

female flies are sterile with malformed and undersized eggs, caused by defective 

cytoplasmic transport between the nurse cells and developing oocyte within the egg 

chamber. In normal development the stem cell divides and one of the daughter cells 

undergoes 4 mitotic divisions with incomplete cytokinesis (Robinson & Cooley, 1997). 

Therefore, the resultant 16 cells are connected via intercellular bridges referred to as ring 

canals (Fig. lxiii). The oocyte develops from one of the 16 cells and the remaining cells 

function as nurse cells, providing the oocyte with cytoplasm and RNA via the ring canals.

Kelch protein is absent from mutants, but in wild type egg chambers it colocalises 

with actin at the inner rim of ring canals (Xue & Cooley, 1993; Robinson & Cooley.

1997). Ring canal formation is initiated after the arrest of the mitotic cleavage furrow, and 

ring canal proteins accumulate in a distinct temporal order. Phosphotyrosine proteins are 

the first to accumulate at the outer rim, followed by the simultaneous appearance of actin 

and hu-li tai shao (hts) ring canal protein, an adducin like protein, at the inner rim. Kelch 

appears once the maximum number of actin filaments has accumulated and marks the end 

of ring canal assembly. The canals then expand in width from 4pm to 10pm to promote 

rapid cytoplasmic streaming (Robinson et al., 1994; Robinson & Cooley, 1996; Tilney et 

al., 1996). In kelch mutant egg chambers ring canal morphology is normal during early 

assembly until the time when kelch is supposed to appear. Then, its organisation 

becomes disrupted and actin bundles extend into the lumen, partially blocking the ring 

canal and disrupting intercellular transport, which prevents the development of the oocyte 

(Fig. lxiv) (Xue & Cooley, 1993; Tilney et al., 1996). Cellular cortical actin organisation 

is normal in mutant nurse cells.

Robinson and Cooley (1997a), demonstrated by transgenic analysis that kelch 

ORF1 is sufficient for full rescue of mutants. Fertility is restored and rates of hatching 

and embryo survival return to wild type levels. The amino terminal region of kelch is 

important for protein localisation to the ring canals, as its absence destabilises ring canal 

structure and results in sterility (Robinson & Cooley, 1997b). Kelch can mediate 

oligomerisation through its N-terminal half in vitro. A larger recombinant protein, 

containing the BTB motif and the intervening region which separates the BTB motif from
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the kelch motifs, formed dimers and aggregates as demonstrated by gel filtration 

chromatography (Robinson & Cooley, 1997). In vivo, the fact that the BTB domain was 

not sufficient to bind to ring canals and needed the intervening region also suggests that 

the interactions are low affinity.

The kelch motifs are necessary and sufficient for ring canal localisation and may 

possibly mediate other protein interactions (Robinson & Cooley, 1997b). Evidently, 

kelch is structurally important for the maintenance of ring canals and production of viable 

eggs. As yet, there is no direct evidence showing a direct interaction with actin but the 

current idea is that there is the potential for a direct association between kelch and actin 

within the ring canals.

A number of the other proteins which contain kelch motifs have been shown to 

bind directly to actin and to participate in cytoskeletal organisations. a-Scruin (Schmid 

et al., 1991; Way et al., 1995), Actin-fragmin kinase (Gettemans et ai, 1993), SPE-26 

(Varkey et al., 1995) and ENC-1 (Hernandez et al., 1991), all contain kelch motifs and 

have roles associated with the actin cytoskeleton. The Limulus sperm protein a-scruin 

associates with the acrosomal process in a 1:1 molar ratio (Schmid et al., 1991). The 

acrosomal process consists of a 60pm long actin bundle of hexagonally packed filaments 

which are supercoiled at the base of the nucleus. Stimulation releases the supercoil and 

the process unwinds rapidly out of the anterior end of the sperm to penetrate the egg 

(Tilney et al., 1975; DeRosier et al., 1982). a-Scruin has two main domains, linked by a 

short region sensitive to protease action, each containing six tandem kelch motifs. A 3- 

Dimensional (3D) computer reconstruction of acrosomal filaments in the bundle using EM 

images was used to calculate a 3D map of a single filament by helical reconstruction. This 

indicated that two domains from one a-scruin subunit associates with two actin subunits 

from different strands of the same filament (Owen & DeRosier, 1993; Schmid et al., 1994; 

Way et al., 1995). Crosslinking actin subunits within a single filament by a-scruin is not 

dependent on calcium and involves a putative loop of a-scruin, defined by the cys-387 

residue within the C-terminal portion (Sanders et al., 1996; Sun et al, 1997). During 

isolation it was revealed that scruin forms a complex with calmodulin in the presence of



calcium, and this association is mediated by a binding site located within the linker region 

of a-scruin (Sanders et al., 1996). Calmodulin binds to a-scruin when it is complexed 

with the acrosomal actin filaments. a-Scruin possibly controls the twist of the acrosomal 

process during the acrosome reaction. Calcium may act through the calmodulin-scruin 

association to subtly alter the conformation of a-scruin, transferring this to a shift in the 

relative binding of the a-scruin subunits to the actin filaments (Sanders et al., 1996).

Actin-ffagmin kinase, AFK, was isolated from Physarum polycepha/uni 

microplasmodia as an unclassified threonine-kinase that uses the 1:1 actin-fragmin 

complex as a substrate (Gettemans et al., 1993). It appears to participate in the 

modulation of F-actin growth, by phosphorylating the actin-fragmin complex (Gettemans 

et al., 1995). The kinase activity of AFK is located within the N-terminal half although 

no known kinase domains are present in the primary sequence. Six tandem kelch motifs 

are located within the C-terminal region and their absence weakens the kinase activity of 

the N-terminal half in comparison to intact AFK. This suggests that the motifs within 

AFK may have a role in substrate recognition and the phosphorylation reaction (Eichinger 

etal., 1996).

Caenorhabditis elegans SPE-26 contains five tandem kelch motifs (Varkey et al..

1995). Six mutations of spe-26 have been described, five of which are located within the 

kelch motifs highlighting their functional importance. Mutant males are sterile or 

hermaphrodites as a result of defective spermatogenesis. Meiosis fails to complete so 

there are no haploid spermatids and chromosomes are misaggregated. Actin filaments, 

endoplasmic reticulum and ribosomes are also mislocalised suggesting that the protein 

may have a cytoskeletal function (Varkey et al., 1995). Finally, ectodermal-neural cortex- 

1 (ENC-1) contains six tandem kelch motifs within its C-terminal half and directly binds 

to actin as demonstrated by immunoprecipitations and colocalisation studies (Hernandes 

et al., 1997). As yet the region involved in the physical association with actin has not 

been identified.

The above kelch motif proteins all appear to be involved directly or indirectly 

with the actin cytoskeleton. In particular, interactions between a-scruin and actin involve



the motif domains directly. Those present in SPE-26 and AFK appear to be functionally 

important. However there are other kelch motif proteins which do not associate with or 

mediate actin cytoskeletal arrangements. These include p-scruin, VP 16 associated host 

cell factor (HCF), teal andNRP/B (Way et al., 1995; Wilson et al., 1997; Mata & Nurse. 

1997; Kim et al., 1998).

p-Scruin, like a-scruin has two regions containing kelch motifs separated by a 

linker region but is localised to the acrosomal vesicle of the Limulus sperm, which is 

devoid of actin. Therefore, its function must be distinct from the actin bundling activity 

of a-scruin (Way et al., 1995a; 1995b). The teal protein of S. cerevisiae localises to the 

cell poles and ends of growing microtubules of fission yeast. It provides direction for the 

growth machinery by marking the end poles of the cell so that growth occurs from exactly 

opposed regions (Mata & Nurse, 1997). Mutating the teal gene disrupts this 

organisation and cells appear to be bent or T-shaped. In addition the microtubules in 

mutants are much longer and curl around the ends. The reverse is seen in cells 

overexpressing teal where the microtubules are much shorter in comparison to wild type 

(Mata & Nurse, 1997). Teal is continuously transferred by microtubules to the ends 

regardless of whether there is active growth (Mata & Nurse, 1997). When the 

microtubules are depolymerised teal adopts an aberrant distribution, highlighting its 

dependency on the microtubular cytoskeleton. After 1.5 hrs there is some relocation of 

teal to the ends but recovery is incomplete (Mata & Nurse, 1997; Swain & Nurse, 1998). 

Teal provides polarity for the growth machinery of the cell and leads to alterations in 

microtuble cytoskeleton organisation as demonstrated by the mutant cells, however no 

direct evidence that tea 1 protein physically interacts with microtubules or actin.

VP 16 is a regulatory protein of the herpes simplex virus, HSV, which complexes 

with DNA and nuclear proteins within the host cell, OCT-1 and host cell factor (HCF). 

The N-terminal domain of HCF contains six tandem kelch motifs and is sufficient to 

promote VP 16 binding and to stabilise the complex initiating HSV immediate-early gene 

transcription (Wilson et al., 1997). A temperature sensitive missense mutation within the 

third kelch motif of HCF results in cell proliferation defects and prevents direct



interactions between VP 16 and HCF (Wilson et al, 1997). VP 16 may mimic an 

endogenous cellular transcription factor which is modulated by HCF.

A final example is a protein associated with the nuclear matrix, protein nuclear 

restricted protein/brain, NRP/B (nuclear restricted protein/brain) (Kim et al., 1998). It 

contains a BTB domain like structure in its amino terminus and six kelch motifs in its 

carboxyl terminal region. NRP/B is phosphorylated in vivo and in vitro. In vivo 

phosphorylation is regulated during cell cycle progression and the phosphorylated form 

binds to the active hypophosphorylated form of retinoblastoma protein during neuronal 

differentiation (Kim et al., 1998). Therefore, NRP/B may either be involved in 

differentiation by affecting the function of cell cycle regulatory proteins or function in cell 

cycle withdrawal after commitment to differentiation (Kim et al., 1998).

Database searches using pattern analysis of the kelch motif, by Bork and Doolittle 

(1994), show a clear relationship with the repeats of galactose oxidase from the fungus. 

Dactylium dendroides. X-ray structural analysis of galactose oxidase had revealed each 

motif is a four-stranded p sheet and the full set of motifs forms a structure termed a p 

propeller. The number of blades varies in different proteins, typically 6-8 blades (Ito el 

al., 1991; Bork & Doolittle, 1994). The P-propeller forms the catalytic unit of galactose 

oxidase and is a common structural fold within enzymes such as sialidases (Bork & 

Doolittle, 1994).

Care must be taken when comparing muskelin to these proteins as the motifs 

present in muskelin are noncontiguous and consist of around 30 amino acids rather than 

the 50 amino acids associated with many of the kelch-like proteins (Adams et al., 1998). 

The current model is that the noncontiguous motifs form similar structures to the p 

propeller blades but the connecting loops between individual p sheets are larger (Adams 

et al., 1998).). There are many other ORFs that show this non contiguous arrangement of 

motifs as displayed in Figure lxv (Adams et a l, 1998). They are widespread through 

evolution and are present in plant and animal proteins. Therefore, they could represent a 

new protein-protein binding structural motif in common with the Src homology 2 (SH2) 

domains of src, FAK and paxillin (Xing et al., 1994; Adams et al., 1998). There is no
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functional data available on these ORFs and to date Muskelin is the only protein that has 

functional information.

B A ROLE FOR MUSKELIN IN MYOBLAST ADHESION AND SPREADING

Figure lxvi illustrates the current model of myoblast adhesion to TSP-1. TSP-1 

adhesion initiates multi-receptor clustering at the cell surface. This leads to the formation 

of fascin-actin microspikes and actin microfilament organisation (Adams & Lawler, 1994: 

Adams; 1995; 1997). The effects of RGD peptides, glycosaminoglycans or xylosides in 

these events have implicated proteoglycans in these processes and tended to discount 

integrin mediated events (Adams, 1997). Muskelin specifically modulates adhesion to 

TSP-1, possibly acting at a point of intersection between adhesion complex formation and 

cytoskeletal rearrangements.

Muskelin is predominantly located within Triton X-100 soluble fractions of 

C2C12 cells. In long term adherent cells, muskelin distribution is mainly diffuse with 

localised concentrations in membrane ruffles (Adams et al., 1998). Short term adhesion to 

TSP-1 shows muskelin diffusely distributed within the body of the cell and at the margins 

in regions associated with microspike formation. On fibronectin, the same diffuse staining 

is also observed. Double staining experiments for F-actin indicated that 83% of cells 

adherent on TSP-1 demonstrated some overlap in muskelin and F-actin localisation within 

the cortical regions of the cell. In contrast only 9% of cells plated on fibronection 

displayed a similar overlap (Adams et al., 1998). Thus, muskelin is not a structural 

component of the cytoskeleton.

Overexpression of muskelin increases maximal adhesion of C2C12 cells by 2-3 

fold on a TSP-1 C-terminal fusion protein but there is only a little increase in quantitative 

adhesion to intact TSP-1. However, on TSP-1, spreading is increased in conjunction with 

a low number of ruffle-like cortical actin structures and loss of fascin microspikes. Focal 

contacts also form as indicated by localised vinculin staining (Adams et al., 1998). 

Myoblasts attached to fibronectin and overexpressing muskelin have a normal 

cytoskeletal organisation (Adams etal., 1998). These studies imply that the dynamics of 

focal contacts are altered within muskelin overexpressing cells.
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Depletion of endogenous muskelin to 20% in C2C12 cells using antisense RNA 

also affected adhesion and spreading of cells. A 4-fold decrease in attachment of 

muskelin-depleted cells on the TSP-1 C-terminal fusion protein was observed (Adams et 

al., 1998). When plated on intact TSP-1 the levels of attachment correlated with control 

cells, but the extent of spreading was reduced. F-actin microfilament structures were not 

apparent and fascin microspikes were present in lower numbers (Adams et al., 1998). On 

fibronectin, muskelin-depleted cells spread extensively accompanied by F-actin 

microfilament bundles and focal contact formation. Thus the improvement in cell 

spreading is substratum specific.

It is evident from these studies that muskelin is required in normal C2C12 cell 

spreading on TSP-1. It appears to modulate adhesive responses at a point of intersection 

between adhesion complex formation and cytoskeletal organisation. Understanding the 

role of muskelin in adhesion would be advanced by identifying its molecular interactions 

and localisation.

1:6 THESIS PROJECT AIMS

The project is entitled “Analysis of the distribution and molecular interactions of 

the novel protein, muskelin”. The aim of the project undertaken was to identify the 

molecular interactions of muskelin using a combination of techniques: (1), the yeast 

dihybrid system to identify potential binding partner in a cellular environment; (2), 

pharmacological agents to investigate the possibility that muskelin is a target of signalling 

pathways mediated by interactions at the cell surface with TSP-1; and (3), gel overlay 

assays to identify binding partners using in vitro translated muskelin.
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CHAPTER 2

MATERIALS AND METHODS

2:1 MOLECULAR BIOLOGY REAGENTS AND TECHNIQUES

REAGENTS

E .C O li STRAIN

DH5CX (Gibco-BRL#):supE44, A/acU169 f tm  lacZAMI5), hsdRll, recAX, 
gyrA 96, thi 1, re/^41.

DNA M o d if y in g  e n z y m e s  &  r e s t r i c t i o n  e n z y m e s

EcoR l: Optimum activity at pH 7.5, 37 °C, 60-100 mM Potassium Chloride 

(KC1) and 60-100 mM sodium Chloride (NaCl) (New England Biolabs (NEB) # 

101S).

DNA cutting site is; 5’ GiGAATTC 3’

3’ CCTTAAtG 5’

B a m H I  : Optimum activity at pH 7.5, 37 °C and 100-160 mM KC1 (NEB # 136S). 

DNA cutting site is; 5’ GlGATCC 3’

3’ CCTAtGG 5’

P s t I :  Optimum activity at pH 7 .5 , 37  °C and 80-160 mM KC1 and 80-160 mM 

NaCl (NEB# 140S).

DNA cutting site is; 5’ CTGCAiG 3’

3’ GTACGTC 5’



C a l f  in t e st in a l  ph o sp h a t a se  (C IP ): Removes terminal phosphate groups from 

cut DNA strands to prevent vector religation without insert (Boehringer #713-023).

T4 DNA L ig a s e : Catalyses the formation of phosphodiester bonds between 

adjacent 3’-hydroxyl and 5’-phosphate ends in double stranded DNA (Boehringer 

#481 220).

R N a se  1: Cleaves phosphodiester bond of single stranded RNA o f  any

ribonucleotide (Boehringer #1 1732 684).

S e q u e n a s e  v e r s io n  2 .0 : Genetically engineered bacterial T7 DNA p o ly m era se  

which lacks 3’-5’ exonuclease activity (Amersham/USB #70775)

S o l u t io n s

a g a r o s e  g e l :  1 g agarose typel: Low EEO (Sigma #A-6013) in 100 m l d istilled  

water, 25 JliI of 95%Ethidium Bromide (Sigma #E-8751).

AGAROSE GEL r u n n in g  b u f f e r : IX TAE, 50 jx/1 of Ethidium Bromide

DNA l o a d i n g  b u f f e r :  0.25% Xylene Cyanol (Sigma #X-4126), 0.25% o f  

3,,3” ,5’,5,,Tetrabromophenolsulfonephthalein (Bromophenol Blue, Sigma #B- 

5525), 30% Glycerol (Sigma# G-7893), in water.

E t h a n o l  w a s h : 50% Ethanol (BDH-AnalaR® 10107 7Y), 0.1 M sodium Chloride 

(NaCl, Sigma #S-9888), 10 mM Tris Base pH 7.5 (Sigma #T-1503).

L - B r o t h ( L B ) :  10 g/lNaCl, 10 g/1 Tryptone (Sigma #0123-07-5), 5 g/1 Yeast extract 

(Difco #0127-17-9).

LB A g a r : LB plus 12 g/1 of Agar (Difco #0140-01).

L B /a m p ic il l in  m e d ia : LB broth (LMCB), 50 |ig/|il Ampicillin (Sigma #A-9518).



Q ia g e n  PI: 50 mM Tris-HCl pH8.0, 10 mM Ethylenediamine-tetraacetic acid 

(EDTA; Sigma #E-4884), 100 |ig/ml RNase A (Qiagen #19101).

Q ia g e n  P2: 200 mM sodium Hydroxide (NaOH; Sigma #S-5881), 1% sodium 

Dodecyle Sulphate (SDS; Sigma *L-4509).

Q ia g e n  P3: 3 M Potassium Acetate (KAc; Sigma #P-3542) pH 5.5

Q ia g e n  q b t : 750 mM NaOH, 50 mM 3-[N-Morpholino]propanesulfonic acid 

(MOPS; Sigma #M-9027) pH7.0, 15% Ethanol, 0.15% Triton X-100 (Sigma #T- 

9284).

Q ia g e n  q c : 1M NaCl, 50 mM MOPS pH7.0, 0.15% Triton X-100.

Q ia g e n  q f : 1.25M NaCl, 50 mM Tris-HCl pH 8.5, 15% Ethanol.

S e q u e n c in g  g e l  l o w e r  t a n k  b u f f e r : 200 ml 3M sodium acetate (NaAc; Sigma 

#S-8625), 60 ml 10X TBE, 340 ml distilled water.

S e q u e n c in g  g e l  u p p e r  t a n k  b u f f e r : 0.5X TBE in distilled water.

S e q u e n c in g  g e l  fix e r  s o l u t io n : 15% Methanol (BDH-AnalaR® #10158EJ), 

10% Acetic acid (BDH-AnalaR® #10001).

50X TAE: 242g TRIS base, 57 ml glacial acetic acid, 0.5M EDTA (pH 8.0), 

distilled water to a litre.

10XTBE: 108gTris base, 55g Boric acid (Sigma #B-7901), 40 ml 0.5M EDTA at 

pH8.0, Water to 1 litre.

10X TE: 0.1M Tris-HCl, 10 mM EDTA, pH 7.4.

IX TE: 10 mM Tris-HCl pH8.0, 1 mM EDTA.



TECHNIQUES

E n z y m a t ic  m a n ip u l a t io n  o f d n a  w it h  r e s t r ic t io n  enzym es

The reaction mixes were set up in autoclaved 1.5 ml microcentrifuge tubes 

as follows;

Plasmid DNA 2 pg

10X appropriate NEB reaction buffer 2.5 jil

appropriate restriction enzyme (NEB) 1.0 pi

Sterile water to a final volume of 25 pi

Reactions were incubated for 2 hrs at the recommended optimal 

temperature

L ig a t io n  o f  v e c t o r  d n a  a n d  in s e r t  d n a

To promote insert ligation, phosphate groups were removed from the cut 

ends of linearised vectors by addition of calf intestinal alkaline phosphatase (CIP, 

Boehringer Mannheim #713-023). A mix of 2 pi of CIP and 3 pi of lOx CIP 

reaction buffer was incubated at 37 °C for 60 mins. The reactions were fractionated

through a 1% agarose gel and the appropriate bands cut out. The DNA was eluted

from the agarose gel using glassmilk and stored in IX TE buffer at 4 °C. The 

ligation reactions were set up as follows to give a 3:1 molar ratio of insert.vector 

DNA using DNA recovered from 1% agarose gels.

Mock (vector only) Complete (vector + insert)

vector DNA 1 pi of recovered DNA 1 pi of recovered DNA

(approx. 0.1 pg) (approx. 0.1 pg)

insert DNA / 7pl of recovered DNA



(approx. 0.5-0.7pg).

1 OX ligase Buffer (NEB #2025) 1 pi 1 pi

T4 DNA Ligase (NEB #2025) 1/10 dilution of stock for the ligation of

cohesive ends

distilled water add to a final volume of 10 pi

The reactions were incubated in a 6 °C water bath overnight then heated for 

10 mins at 68 °C to denature the ligase. Before storing at 4 °C, the reactions were 

spun briefly in a microcentrifuge at 14000 rpm for 20 secs.

AGAROSE GEL ELECTROPHORESIS

1% agarose was prepared in 100 mis of distilled water and microwaved to 

melt the agarose. The ends of the horizontal gel plate were taped and the comb 

placed in position. Once the melted agarose was tepid 25 pi of 95% ethidium 

bromide was added to the solution before pouring into the gel plate. 1 Litre of IX 

TAE with 50 pi of ethidium bromide was made up as running buffer and poured 

into the electrophoresis tank. Once set, the tape was removed and the gel placed 

into the tank, removing the comb. 5 pi of BstE II-Lambda DNA digest (NEB#301- 

4L) added to 10 pi of sterile water with 1 pi of loading dye and used to provide 

size markers. Once the samples were loaded the gel was run for 1-1.5 hrs at 70-95 

V and the gel photographed under UV light.

R e c o v e r y  o f  DNA fr o m  a g a r o s e  g e l

Relevant band(s) were removed from the gel into a 1.5 ml tube using a razor 

blade. Tubes were filled with 3 volumes of sodium iodide (Bio 101-Geneclean II 

#1001-401) and incubated at 37 °C for 20 min to dissolve the gel. 1 pi of 

GLASSMILK (Bio 101-Geneclean II kit * 1001-400) was added to each tube and 

left on ice for 40 minutes, so that the DNA could bind to the silica matrix. The



matrix was recovered in a microcentrifuge at high speed for 5 secs and the 

supernatant discarded. Ice-cold ethanol wash (50% ethanol, 0.1 M NaCl, 10 mM 

Tris pH 7.5) was used to wash the matrix and bound DNA before recovering at 

high speed for 5 secs. Washing was repeated two more times, DNA was eluted 

from the matrix by resuspension with 5 pi of IX TE buffer, at 55 °C for 3 mins. 

After a brief high speed spin the eluted DNA was transferred to a fresh 1.5 ml tube 

and the elution repeated again. Eluant was incubated at 55 °C for an extra 3 

minutes and spun to remove any residual glassmilk.

C h e m ic a l l y  c o m p e t e n t  E.colic e l l s

Cells were grown overnight in 2 mis LB broth (LMCB) at 37°C. 100 mis of 

LB was inoculated with the 2 mis overnight grow and incubated until cells had 

reached midlog phase of growth, an OD590 of 0.375 (approximately 2-3 hrs). The 

culture was aliquoted into 2 x 50 ml Falcon tubes and centrifuged for 10 mins at 

4000 rpm and 4°C. The pellet was resuspended in 10 mis of ice cold 0.1 M 

calcium chloride (CaCl2, Sigma #C5080). Cells were centrifuged for 5 mins at 3000 

rpm and 4°C. The cell pellet was resuspended in 10 mis of ice cold 0.1 M CaCL 

and placed on ice for 30mins. The spin was repeated and the cell pellet was 

resuspended in 2 mis of ice cold calcium chloride. Glycerol was added to a final 

concentration of 15% and 200 pi aliquots were flash frozen on dry ice with ethanol 

for storage at -70°C.

D N A  TRANSFORMATION OF COMPETENTE.COLICELLS

80 pi of competent E.coli was mixed with 5 pi of plasmid DNA and placed 

on ice for 40 mins. After a 5 min heatshock, at 37°C, 500 pis of LB was added and 

the cells were allowed to recover for 60 min before incubating at 37°C. 100 pis of 

transformation mix was spread out onto LB/AMP media plates and left at 37 °C 

overnight. A typical transformation efficiency was 50 cfu/pl of DNA.



DNA MINIPREP BY ALKALINE LYSIS

A single colony from a plate was used to inoculate 2 mis of LB/AMP and 

grown overnight at 37°C. 1.5 mis of the minigrow was transferred to 1.5 ml tube 

and the rest kept at 4°C. Bacteria was collected by spinning at high speed for 2 

mins in a microcentrifuge and the supernatant discarded. The cell pellet was 

resuspended in 200 pi of 10 mM EDTA. 400 pi of 0.2 M NaOH, 1% SDS was 

added to lyse the bacteria and denature the proteins and DNA. Immediately, 300 

pi of cold 5 M KAc was added to precipitate the bacterial proteins and 

chromosomal DNA on ice for 5 mins. Precipitated DNA and proteins were 

collected by spinning at high speed for 5 mins. The supernatant was transferred to 

a fresh tube containing 500 pi of phenol (PHI-BIO #T/P633/05) and vortexed for 15 

secs. After a 20 sec spin at maximum speed the mix separated into an upper 

aqueous layer and lower phenol layer which appears yellow because it contains 

hydroquinone. The upper aqueous layer was transferred to a fresh 1.5 ml tube. 

Plasmid DNA was precipitated by the addition of isopropanol (BDH-AnalaR® 

# 102466) to 1.5 ml and collected by a high speed spin for 5 mins. After washing 

with 70% ethanol the pellet was air dried before resuspending in 25 pi of IX TE 

containing 10 pg/ ml RNase 1 (Boehringer Mannheim #1 1732 684) and stored a t .

M a x ip r e p a r a t io n  of  DNA

DNA was prepared from large bacterial grows using a Qiagen maxiprep kit 

(Qiagen #12162). 500 mis of LB/AMP was inoculated with a single E. coli clone 

and grown overnight at 37°C with shaking at 275 rpm. Frozen stocks were made 

by freezing 0.5 mis of cells with 0.5 mis of 60% glycerol. Cells were collected at 

4,000 rpm for 20 mins at 4°C. The supernatant was discarded and the pellet 

resuspended in 10 mis of PI buffer (TE + RNase). 2.5 ml aliquots of cell 

suspension were transferred to 4 x 15 ml tubes and mixed with 2.5 mis of P2 buffer 

(NaOH/SDS) for 5 mins exactly. Chilled P3 buffer (3 M KAc) was added in 

volumes of 2.5 mis. Each tube was inverted several times before incubating on ice



for 20 mins. Before spinning at 8,000 rpm for 30 mins at , each tube was remixed. 

The supernatant was transferred to fresh tubes and centrifuged for a further 15 min 

to remove any residual precipitate. The Qaigen-tip 500 (Qiagen #19014) which 

contains a silica matrix to which DNA binds was equilibrated with 10 mis of QBT 

buffer (750 mM NaOH, 50 mM MOPS pH 7.0, 15% ethanol, 0.15% Triton X- 

100). The supernatants from the second spin were transferred directly onto the 

column. The tip was then washed with 2 x 30 mis of QC buffer (1M NaCl, 50 

mM Tris-HCl pH 7.0, 0.15% Triton X-100) before eluting bound DNA with 15 

mis of QF buffer (1.25 M NaCl, 50 mM Tris-HCl pH 8.5, 15% ethanol). 5 ml 

aliquots of eluant were transferred to fresh 15 ml tubes and the DNA precipitated 

with 3.5 mis of isopropanol. Precipitated plasmid DNA was collected at 8,000 

rpm for 25 mins at 4°C. Supernatants were discarded and the pellets washed with 

cold 70% ethanol before allowing to air dry. The resultant pellets were 

resuspended in sterile IX TE buffer (total volume of 200 pis ) and stored at 4°C. 

To determine the plasmid DNA concentration and yield the optical density of 

samples were measured at a wavelength of 260 nm in a ultraviolet (UV)/visible light 

spectrometer. The OD26o reading was taken by adding 5 pi of DNA to 495 pi of 

IX TE and 500 pi of IX TE was used as a blank.

OD26ox 50 x 100= concentration in pg/ml 

S e q u e n c in g  r e a c t io n s  o n  d o u b l e  s t r a n d e d  DNA 

P r e p a r a t io n  o f  d o u b l e  s t r a n d e d  DNA f o r  e n z y m a t ic  s e q u e n c in g

Template DNA was denatured using 2 M NaOH/2 mM EDTA at room 

temperature for 5 mins. For each primer reaction, 4 pg of template DNA was 

mixed with sterile water to a final volume of 20 pi. The reaction was neutralised by 

addition of 3 M sodium acetate pH 5.0. DNA was precipitated on dry ice for 5 

min with 100% cold ethanol and recovered at 14,000 rpm for 5 mins. The DNA



pellet was washed with 200 pi of 70% ethanol and allowed to air dry before 

annealing the primers.

The enzymatic sequencing method used is based on the protocol developed 

by Sanger et al., (1977). By generating radiolabelled oligonucleotides which start at 

a fixed point and terminate randomly at a fixed base, inevitably every base within 

the DNA sequence has an equal chance of being the variable terminal base 

(Sambrook et al., 1989). Mixtures of oligonucleotides can then be resolved on 

polyacrylamide gels which can discriminate between individual oligonucleotides 

that differ in length by one base. By loading different mixtures.of oligonucleotides 

terminated at a particular base, in adjacent lanes, the DNA sequence can be read. 

To establish a common starting point DNA primers are used. Sequencing primers 

are short sequences of DNA that anneal to the template DNA at a specific site 

through complementary base pairing. Premature termination of oligonucleotide 

strands is achieved by the incorporation of a dideoxynucleoside triphosphate 

(ddNTP) in place of a deoxynucleoside triphosphate (dNTP), because the ddNTP 

lacks the 3’ hydroxyl group which prevents further phosphodiester bonds and 

chain elongation (Sambrook et al., 1989). Using small amounts of a specific ddNTP 

with the four conventional dNTPs ensures competition for chain elongation and the 

infrequent but specific termination of polymerisation.

S e q u e n c in g  r e a c t io n s  u s in g  d o u b l e  s t r a n d e d  DNA

The Sequenase™ version 2.0 kit (Amersham #70770) was used for all 

sequencing reactions. DNA pellets were resuspended in Sequenase™ reaction 

buffer. The primer was added to a concentration of 0.5 pmol/pl and incubated for 2 

mins in a 65 °C water bath to anneal to template DNA. The samples were then 

allowed to cool to 30 °C on the bench. Once cooled, they were incubated at room 

temperature, for 5 mins, with 1 pi 0.1 M DTT, 2 pi dGTP labelling mix (contains 

low concentrations of dNTPs), 0.5 pi aS35-dATP (Amersham #SJ 1304) and 2 pi 

Sequenase™ T7 DNA polymerase to limit the extent of synthesis and ensure



efficient incorporation of radiolabelled dNTP. 3.5 pi of the labelling reaction was 

then added to 4 prewarmed tubes containing high concentrations of dNTPs and a 

single ddNTP (G, A, T and C), incubated for 5 mins at 37°C allowing continued 

polymerisation until terminated by the incorporation of a ddNTP. All reactions 

were terminated by the addition of 4 pi stop solution. When needed 1 pi of 0.1M 

manganese was added to the labelling reaction prior to the addition of Sequenase to 

improve sequencing near the primer.

DNA SEQUENCING GELS

A 6% gel was made up as follows:

40% Acrylamide 15 ml

2% Bis-acrylamide 15 ml

lOxTBE 10 ml

Distilled H20  28.2 ml

Urea 40 g

The components were mixed together until the urea had fully dissolved 

before degassing for 10 mins. Glass plates were cleaned thoroughly and secured 

tightly together. 800 pis of 10% Ammonium persulphate (AMPS, Sigma #A-9164) 

and 15 pis of N, N, N’, N ’-Tetramethylethylenediamine (TEMED, Bio-Rad-161- 

0801) were added immediately once degassing was stopped. A 50 ml syringe was 

used to carefully pipette the gel solution between the plates insuring that there 

were no air bubbles. The gel was then left to polymerise in a horizontal position. 

The lower reservoir was filled with 600 ml of lower tank buffer. Once the gel was 

in position, melted 1% agarose was used to seal the gap between the top buffer 

reservoir and the surface of the plate. The combs were inserted so that the teeth 

were embedded into the top surface of the gel. Once the agarose was set, top tank 

buffer was poured into the upper reservoir so that the meniscus was half way up



the comb, this level was marked on the glass to monitor for leakage. The samples 

were heated for 2 mins in water which had just been taken off the boil. The spaces 

between the teeth of the comb were cleaned out by squirting top tank buffer into 

them using a plastic pipette. The order of loading for each plasmid/primer reaction 

was marked on the plates as GATC. 2 pi of each sample was loaded quickly. Gels 

were normally run for 2.5-3 hrs at 55 W giving 100 bp of readable sequence. When 

a longer run was necessary fresh samples were loaded after 3 hrs and the gel run for 

a further 2.5 hrs giving a further 100-200 bp of readable sequence. When finished 

the plates were separated and two strips of Whatman 3 MM paper (Whatmann 

#3030 917), prewetted with gel fixer solution, were placed at either end of the gel to 

prevent the gel from lifting off the plate when placed in the fixer tank. The gel was 

fixed for 15 mins. The fixer was drained off and the gel was lifted off of the plate 

using a large sheet of Whatmann 3 mM paper. Gels were covered with Saranwrap 

before drying under a vacuum for 2 hrs at 80°C. Once dried they were exposed to 

Kodak Biomax film (Kodak, #891 256) at room temperature overnight.

2:2 YEAST DIHYBRID SYSTEM 

REAGENTS

S. Cerevisiae s t r a in

HF7c: Its genotype is;MATa, ura3-52, his3-200, Lys2-801, ade2-101, trp 1-901, 

leu2-3, 112, gal4-542, gal4-542, gal80-538, LYS2::GAL1-HIS3, URA3::(GAL4 

17mers)3-CYCl-lacZ. (Clontech Lab. Inc #K1605-1).

cDNA L ib r a r y

Mouse kidney Matchmaker cDNA pooled from 200 BALB/c males 9-11 weeks old 

(Clontech Lab. Inc #ML4002AB). The Library inserts were in the pGADIO 

cloning vector.



P l a s m id s  u s e d :

pAS2-l: Contains theGAL4 DNA binding domain and the full length AD HI 

promotor site. Its Multiple cloning site is Nde I, Sfl I, Nco I, EcoR I, Sma I, Xma I, 

BarriHA, Sal I, Pst I, and the transformation markers for prokaryotes is ampr and 

eukaryotes is Trp\. Replication in prokaryotes uses the ColEI origin and in 

eukaryotes the 2p site (Clontech Labs Inc. #K1604-B).

pGBT9: Contains theGAL4 binding domain and a truncated ADH1 promotor site. 

Its Multiple cloning site is EcoR I, Sma I, BamUl, Sal I, Pst 1, and the 

transformation markers in prokaryotes is ampr and eukaryotes is Trp 1. 

Replication in prokaryotes uses the ColEI origin and in eukaryotes the 2p site 

(Clontech Labs Inc. # K1604-B).

pGADIO : Contains the GAL4 active domain and a truncated ADH1 promotor. 

Its Multiple cloning site is Bgl II, Xho I, BamHl, EcoR I and the transformation 

markers in prokaryotes is ampr and eukaryotes is Leu 2. Replication in 

prokaryotes uses the ColEI origin and in eukaryotes the 2p site (Clontech Labs Inc. 

#6180-1).

pCLl: Control plasmid for yeast dihybrid system. Contains the full length GAL4 

gene in a YCp50 derivative. In prokaryotes its transformation marker is amp'' and 

in eukaryotes the LEU2 gene (Clontech Lab. Inc #K1605-1).

pVA3-l : Positive control for detected interactions. Contains mouse p53(72.390) in 

the pAS2-l vector and is selected by the ampr gene in prokaryotes or TRP1 gene in 

eukaryotes (Clontech Lab. Inc #K1605-1).

pTDl-1: Positive control for detected interactions. Contains SV40 large T- 

antigen(84_708) inpACT2 and is selected by the ampr gene in prokaryotes or LEU2 

gene in eukaryotes (Clontech Lab. Inc #K1605-1).



pLAM5’-l: Control plasmid for yeast dihybrid system. Contains human lamin 

C(66-230) in pAS2-l and is selected by the ampr gene in prokaryotes or TRP1 gene in 

eukaryotes (Clontech Lab. Inc #K1605-1).

P l a s m id s  c o n s t r u c t e d  d u r in g  st u d y

pAS2-l/Mk: Bait vector containing full length muskelin lacking the 3’ untranslated 

region. Inserted at the EcoR I and BamHl unique cloning sites.

pAS2-l/AMk: Bait vector containing muskelin C-terminal deletion created by Pstl 

digestion of pAS2-l/Mk.

pGBT9/Mk: Bait vector containing full length muskelin lacking the 3 ’ untranslated 

region. Inserted at the EcoR I and BamHl unique cloning sites.

pGADlO/Fascin: Contains full length fascin ligated at the EcoR I unique cloning 

site.

A n t i - m u s k e l in  a n t ib o d y

JOD2 R l: Rabbit polyclonal serum that was raised against a 15-mer synthetic 

peptide corresponding to the predicted N-terminal portion of muskelin (rabbits 

immunized and bled according to standard in house procedures by Zenaca/CRB). 

Affinity purified IgG was prepared by passing serum over a column containing the 

immunizing peptide coupled to CNBr-Sepharose 6B (Pharmacia). Bound IgG was 

eluted with 100 mM glycine at pH 2.8. Reactivity was determined by 

immunoprecipitations of in vitro translated polypeptide (Adams et al., 1998). 

Currently, the antibody can be used in westerns and for immunofluorescent 

microscopy.

S o l u t io n s

5 -B r o m o -4 -C h l o r o -3 -I n d o y l -(3-D -G a l a c t o p y r a n o s id e  (X-GAL): 20 mg/ml

X-GAL (Sigma #B-4252) in N, N-Dimethylformamide (DMF, Sigma #D-8654).



10X D r o p  o u t  s o l u t i o n :  30 mg/1 L-Isoleucine, 150 mg/1 L-Valine, 20 mg/ml L- 

Adenine, 20 mg/l-Arginine, 30 mg/1 L-Lysine, 20 mg/1 L-Methionine, 50 mg/1 L- 

Phenylalanine, 200 mg/1 L-Threonine, 30 mg/1 L-Tyrosine.

Depending on the selection required: ± 20 mg/1 L-Uracil

±100 mg/1 L-leucine

± 20 mg/1 L-Tryptophan

± 20 mg/1 L-Histidine

10X L it h iu m  a c e t a t e  (L iA c ): 1 M LiAc (Sigma #L-6883), adjusted to pH 7.5 

with dilute acetic acid.

50% P o l y e t h y l e n e  g l y c o l  4000 (P E G  4000) s t o c k : 50% PEG 4000 (Sigma #P- 

3640) in sterile water and autoclaved.

PEG/LiAc: 40% PEG 4000, IX TE, IX LiAc.

S y n t h e t ic  m e d ia  (S D ): 6 .7  g/1 yeast nitrogen base, 2%  Glucose (Sigma #G-5400), 

appropriate IX dropout solution.

IX TE/LiAc: 1 ml 1 OX TE, 1 ml 1 OX LiAc, 8 ml distilled water.

X-GAL/Z-Buffer s o l u t io n : 100 ml Z-Buffer, 1.67 ml X-GAL, 0.27 ml |3- 

Mercaptoethanol (Sigma #M-3148).

Y e a s t  e x t r a c t ,  p e p to n e , d e x t r o s e  (YPD): 20 g/1 Difco peptone (Difco #0118- 

07-2), 10 g/1 yeast extract, 2% glucose.

Y e a s t  l y sis  b u f f e r : 2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris 

(pH8.0), 1.0 mM EDTA.



Z -b u f f e r : 16.1 mg/ml Disodium phosphate (Na2HPO4.7H20 Sigma #S-7907), 5.5 

mg/ml sodium phosphate (NaH2PO4.H20; Sigma #S-9638), 0.75 mg/ml Potassium 

chloride (KC1; Sigma #P-3911) 0.246 mg/ml Magnesium sulphate (MgS04.7H20, 

pH 7.0; Sigma #M1880).

TECHNIQUES

N u t r i t i o n a l  p h e n o ty p e  o f  t h e  S. Cereivsiae s t r a i n  HF7c

The nutritional phenotype of the S. Cerevisiae strain HF7c was tested by 

its ability to grow on synthetic minimal media (SD) plates lacking the amino acids 

Tryptophan (Trp), Leucine (Leu), Histidine (His), Uracil (Ura) (all amino acids 

from Sigma). From a stock plate, 3-4 colonies were streaked onto separate SD and 

rich media plates (YPD). After 4-5 days at 30 °C (yeast strains grow slower on SD 

plates then YPD) the plates were checked for colony growth and compared to the 

expected phenotype in the table below (Also used Chapt 3 as Table 3 a).

MEDIA YEAST GROWTH
YPD V
-Ura V
-His X
-Leu x
-Tra .............. . , X

L ib r a r y  t it e r in g

The mouse kidney cDNA library, made in pGADIO was supplied as E. coli 

transformants from Clontech Laboratories, Inc. A 1 pi aliquot of library was 

diluted to 1:103 (A) with LB broth, 1 pi of A was diluted at 1/1000 with LB broth 

to obtain a 1.T06 dilution (B) of the library. 1 pi of dilution A was added to 50 pi 

of LB broth and spread onto an LB/amp plate. 100 pi and 50 pi aliquots of dilution



B were spread onto separate LB/amp plates. After incubating overnight, colonies 

were counted and the library titer (cfu/ml) calculated using the following formulae.

colony number (cfu) A x 103 x 103 = X cfu/ml

colony number (cfu)B xlO3 x 103 x 103 /plating volume = X cfu/ml

A m p l i f i c a t io n  o f  t h e  pGADIO l i b r a r y

1 )il of the library E-coll transformant stock was diluted in 1ml of LB broth. 

To insure that colonies would be dense and subconfluent, 1 ml of diluted 

transformants was plated onto LB/amp agar. Plates were incubated overnight at 

37°C and the next day, colonies were scraped into 2 Litres of LB/amp broth and 

incubated for 2-4hrs at 37°C with shaking. Library DNA was recovered by using 

the Quiagen maxiprep kit (Ref. Section 2:2) and stored at 4°C.

Y e a st  c o m p e t e n t  c e l l  c u l t u r e

To make competent cells, 5 mis of YPD was inoculated with a fresh HF7c 

colony and grown to saturation at 30 °C with 250 rpm shaking. An appropriate 

volume of saturated grow was transferred to 300 ml of YPD to achieve an OD60o = 

0.3-0.5 (> lx l0 7 cells/ml), after an overnight incubation at 30 °C with 250 rpm 

shaking. The culture was then diluted with fresh YPD to a density of 2 x 106 

cells/ml and grown at 30 °C and 230 rpm. Once cells had reached a density of 1 x 

107-1.5 x 107 cells/ml (OD600 = 0.3-0.5) they were collected by centrifugation at 

room temperature for 5 mins at 3000 rpm. The pellet was washed with 50ml of 

distilled water, centrifuged and washed again with 10 ml of distilled water. Finally 

the cell pellet was resuspended in an appropriate volume of IX TE/LiAc, i.e. 1.5 

ml for small scale transformations and 10 mis for library scale transformations. 

Cells were used immediately to avoid a reduction in transformation efficiency.



Y e a st  t r a n s f o r m a t io n

Small Scale

1 Jixg of plasmid DNA was mixed gently with 100 jig of denatured herring 

testes DNA (Clontech Lab, Inc. #K1606A) and 100 jil of competent yeast 

suspension. 600 pi of freshly prepared 40%PEG 4000/LiAc solution was added 

and mixed well by gentle pipetting before incubating for 30 mins at 30°C and 200 

rpm. Dimethyl Sulfoxide (DMSO, Sigma #D-8779) was added to a final 

concentration of 10% and the cells were heat shocked at 42°C for 15 mins, 

followed by chilling on ice for 5 mins. Cells were collected at 14,000rpm in a 

microcentrifuge and the pellet was resuspended in 500 pi of fresh IX TE buffer. 

The transformation mix was spread onto the appropriate selective plates and 

incubated at 30 °C for 5-10 days to allow slower growing colonies to appear.

Library Scale

For library scale transformations 8 mis of competent yeast suspension was 

simultaneously cotransformed with 0.5 mg of library DNA and 1 mg of full length 

muskelin bait DNA in a pGBT9 vector. 10 mg of herring testes DNA with 60 mis 

of 40% PEG/LiAc solution were added and the cells were incubated at 30 °C for 30 

min and shaking at 200 rpm. DMSO was added to 10% and the cells heatshocked 

for 15 min at 42 °C with occasional swirling to insure that the heat was well 

dispersed. After 5 min on ice, cells were recovered at 3000 rpm in a Beckman J6B 

centrifuge for 5 min and the pellet resuspended in 300 ml of YPD media. The cells 

were incubated for 60 min at 30 °C, with shaking at 230 rpm. Cells were spun 

again and recovered pellets were resuspended into 10 ml IX TE. They were spread 

onto SD plates lacking tryptophan, leucine and histidine and allowed to grow for 8- 

10 days at 30 °C before being assayed for (3-galactosidase production. Only 

colonies that were positive for growth both in the absence of histidine and in the 

absence of (3-galactosidase activity, were analysed further. Dilutions of 1:10, 1:100 

and 1:1000 of the transformation mix were used as efficiency controls for the



double transformation and were plated onto -Leu/Trp media plates. 

Transformation efficiency was determined by the following equation;

Number of cfu x Total Vol(ml)

Vol plated (ml) x Amt of DNA of the limiting plasmid (mg) x Dilution

Factor

1 jliI of the transformation mix was added to 100 pi of distilled water and 

spread on -Leu and -Trp SD media as further efficiency controls. Control 

transformations included transformation with pCLl which contains the wild-type 

full length GAL4 gene and the sequential cotransformation of cells with pVA3-l 

which contains murine p53 and pTDl-1 containing the SV40 T-antigen. All 

control transformations were performed on a small scale.

C o l o n y  l if t  13-g a l a c t o s id a s e  f il t e r  a s s a y

Whatmann paper #5 was presoaked in Z-buffer/X-gal solution (1.75 ml / 90 

mm plate). Clean, dry filters were placed over plates positive for HIS 

transformants and marked at asymmetric locations, using India ink, to provide 

orientation at the end of the assay when referring back to the original plates. The 

filters were lifted off the plates, then submerged with colonies face up, in a pool of 

liquid nitrogen for 10 secs and thawed at room temperature to permeabilise the 

cells. Thawed filters were placed, colony side up, onto presoaked filters and 

incubated at 30°C for about 10 hrs, checking periodically for the appearance of blue 

colonies. Positive colonies were identified by aligning the filters to the original 

yeast plate, using the orientation marks. These were then picked and transferred to 

fresh SD media plates.

P l a s m id  is o l a t io n  fr o m  y e a st

5 mis of the appropriate SD media was inoculated with a transformant 

colony and grown overnight at 30 °C and 250 rpm. Cells were recovered by



centrifugation for 5 mins at 3,000 rpm and 20 °C. The cell pellet was resuspended 

in residual media and transferred to a microcentrifuge tube. 200 pi of Yeast Lysis 

solution and 300 mg of acid washed glass microbeads (Sigma #G-8772) were added 

to the suspension and vortexed for 30 secs before adding 200pl of phenol. Samples 

were vortexed for 2 mins before spinning at 14,000 rpm for 5 mins in a 

microcentrifuge. The aqueous layer was transferred to a fresh tube and the DNA

precipitated using VlO volume of 3 M NaAc and 2.5 volumes of ethanol. The 

DNA pellet was recovered by a further high speed spin, washed in 70% ethanol 

and le ft  to air dry before resuspension in 2 0  jliI of TE.

W h o l e  y e a st  c e l l  p r e p a r a t io n  f o r  s d s -p a g e  a n a l y s is

Cracking buffer was prepared from a stock solution and prewarmed to 60 

°C. Cell pellets were thawed with warm cracking buffer 100 pi per 7.5 OD60o units 

of cells, placing the tubes briefly at 60 °C for no longer than 2 mins. As 

phenylmethylsulfonylflouride (PMSF; Sigma P-7626) degrades quickly aliquots 

from the stock solution were added after 15 mins and every 7 mins thereafter until 

placed on dry ice. The suspensions were transferred to microcentrifuge tubes 

containing 80 pi of acid washed glass beads per 7.5 OD60o units of cells and heated 

at 70 °C for 10 mins. After vigorous vortexing for 60 secs the tubes were 

centrifuged at 14,000 rpm for 5 mins at room temperature. Supernatants were 

transferred to fresh tubes and placed on ice. The pellets were boiled for 3-5 mins, 

then vortexed vigorously for 60 secs. Before loading onto an SDS-PAGE gel 

samples were spun briefly at 14,000 rpm.

2:3 TISSUE CULTURE TECHNIQUES 

REAGENTS

S o l u t io n s

D u l b e c c o ’s  m o d  e a g l e  m e d iu m  (D M E M ; LMCB): Gibco DMEM powder 

(with L-glutamine & D-Glucose, w/o pyruvate), 3.7 mg/ml sodium carbonate, 0.15



mg/ml Streptomycin Sulphate, 0.06 mg/ml Penicillin G, pH 7.0 with concentrated 

HC1 & filtered through a 0.2 pm sterile filter.

H e a t  in a c t iv a t e d  f o e t a l  c a l f  se r u m  (FCS): FCS (Gibco-BRL #10099-133) 

was heated at 58 °C for 20 mins then cooled and stored at 4 °C.

I X  PBSA (LMCB): 8 mg/ml NaCl, 0.2 mg/ml KC1, 1.15 mg/ml disodium hydrogen 

phosphate, 0.2 mg/ml potassium dihydrogen orthophosphate and pH 7.4.

T r it o n  X -1 0 0  l y sis  b u f f e r : 1% Triton X-100, 150 mM NaCl, 2mM EDTA, 

5mM Ethylene Glycol-bis(p-aminoethyl ether) N, N, N’, N ’-Tetraacetic acid 

(EGTA; Sigma #E-4378), distilled water, pH 7.4

T r y p s i n / E D T A :  8  mg/ml NaCl, 0.2 mg/ml KC1, 1.15 mg/ml Na2H2P 0 3, 0.2 mg/ml 

KH2P 0 3) 2.5 mg/ml Trypsin, 0.2g/l EDTA, 0.0015 mg/ml Phenol red. Solution is 

filtered through a 0.2 pM sterile filter.

U r e a  s a m p l e  b u f f e r  fo r  is o e l e c t r ic  f o c u s in g  g e l s  (IEF): 9 .5  M Urea (ICN 

821527), 0.1 M Dithiothreitiol (DTT; Sigma ) 4% Nonidet-40 (NP-40; Sigma #N- 

6507), distilled water.

TECHNIQUES

R e c o v e r y  o f  c e l l s  f r o m  f r o z e n  s t o c k s

Frozen vials were rapidly defrosted and immediately transferred into 10 mis 

of DMEM. Cells were recovered at 1,000 rpm for 4 mins and the cell pellet was 

resuspended in an appropriate volume of high serum media before seeding plates.

M a in t e n a n c e  o f  c e l l  l in e s  in  c u l t u r e

Myoblast cell lines were maintained in 20% FCS and DMEM (LMCB) at 

37 °C. Tumour and MDCK cell lines were maintained in 10% FCS and DMEM.



P a s s a g e  o f  c e l l s  b y  t r y p s in is a t io n

Medium was aspirated off and cells gently rinsed with trypsin/EDTA 

(LMCB). 2 mis of fresh trypsin was added and the cells were incubated for 5 mins 

at 37 °C. To neutralise the trypsin, 2 mis of 20% or 10% FCS and DMEM 

(LMCB) was added. An aliquot of the trypsinised cells was used to seed fresh 

flasks in 20% or 10% FCS/DMEM. A typical split ratio of cells to fresh medium 

was 1:10.

M e t a b o l ic  l a b e l l in g  o f C 2 C 1 2  m y o b l a s t s

C2C12 myoblasts were plated in 5 mis 20% FCS/DMEM, at a minimum of 

1 x 106 cells per 90 mm (p90) dish. They were left for 2-3 hrs at 37 °C to allow 

the cells to adhere to the plastic. After this period they were washed 4 times with 

Dulbecco’s MEM Medium minus methionine (GIBCO 15 11963-022) before final 

feeding with 5 mis of medium, 250 pi of dialysed FCS and 50-100 pCi of S3*- 

methionine (Amersham, #SJ1515). Cells were incubated for 18 hrs at 37 °C before 

processing.

W h o l e  c e l l  p r e p a r a t io n  o f  c e l l  l in e s  fo r  s d s -p a g e

Cells were lysed with 2X SDS-PAGE non reducing buffer plus 10 mM 

DTT and stored at -20°C.

T r it o n  X -1 0 0  s o l u b l e  a n d  in s o l u b l e  c e l l  e x t r a c t s

Cells were lysed on ice with 1% Triton X-100 lysis buffer for 20 mins. 

The soluble fraction was collected and reclarified by spinning at 14,000 rpm in a 

microcentrifuge for 5 mins. The supernatant was transferred to a fresh tube and 

SDS-PAGE sample buffer added with DTT. The insoluble fraction was collected 

straight from the plate using SDS-PAGE sample buffer plus DTT.



2:4 ELECTROPHORESIS AND BLOTTING

REAGENTS

S o l u t io n s

A s s a y  b u f f e r : 0.1 M Diethanolamine (Sigma #D-2286) pH 10, ImM Magnesium 

Chloride (MgCl2; Sigma #M-8266). Make up 0.1 M Diethanolamine, adjust to pH 

10 before adding MgCl2.

C h e m il u m in e s c e n t  e n h a n c e r : 3% Enhancer solution (Clontech Labs, Inc. 

#K2030-1) in assay buffer

C h e m i lu m in e s c e n t  s u b s t r a t e  (CSPD): 30 pi of 25 mM CSPD (Tropix #2969) 

per 3 ml assay buffer.

C o o m a s s ie  b l u e  s t a in : For 1 litre; 5 g Coomassie brilliant blue R-250 (Sigma #B- 

0149), 450 ml Ethanol, 100 ml Acetic acid, 450 ml distilled water.

C o o m a s s ie  d e s t a in : For 1 litre; 312.5 ml Ethanol, 80 ml Acetic acid, 607.5 ml 

distilled water.

E n h a n c e d  c h e m i lu m in e s c e n t  d e t e c t i o n  (ECL) b l o c k i n g  b u f f e r  f o r  

m u s k e l in  b l o t s :  2% Non fat milk powder (Clontech Labs, Inc. #K2030-1), 2% 

Bovine albumin serum (BSA, Sigma), 0.1% Polyoxyethylene sorbitan monolaurate 

(Tween-20, Sigma), IX PBS.

ECL g e n e r a l  b l o c k i n g  b u f f e r :  2% BSA, 0.1% Tween-20, IX PBS.

ECL w a s h  b u f f e r  f o r  m u s k e l in  b l o t s :  1% Non fat milk powder, 1% BSA, 

0.1% Tween-20, IX PBS.

ECL g e n e r a l  w a s h in g  b u f f e r :  1% BSA, 0.1% Tween-20, IX PBS.



G el  o v e r l a y  b u f f e r  A: 10 mM Hepes-KOH pH 7.5 Sigma #H-3375), 60 mM 

KC1, 1 mM EDTA, 1 mM 2-pMercaptoethanol.

G e l  o v e r l a y  b l o c k in g  b u f f e r -1 : 5% Marvel nonfat milk (Premier Beverages), 

0.05% NP-40 in Buffer A.

G e l  o v e r l a y  b l o c k in g  b u f f e r -2: 1% Marvel, 0.05%  NP-40 in  Buffer A.

IEF g e l  a c r y l a m id e  s t o c k : 0.2 g Bis-Acrylamide stock (Bio Rad #161 -0201), 15 

ml of 40% Acrylamide stock (Bio-Rad #161-0140), 5 mis of distilled water.

IEF GEL LOWER t a n k  b u f f e r : 1.15 ml Phosphoric acid (Sigma #P-6560) per litre 

of distilled water.

IEF g e l  t o p  t a n k  b u f f e r : 800 mg/1 NaOH in distilled water.

I n d ia  in k  s t a in : 1% Black India ink (Windsor & Newton), 0.3%  Tween-20, IX  

PBS.

I m m o b il in e  d r y  s t r ip  r e s w e l l in g  b u f f e r : 8M Urea, 2% Triton X-100; 0.3% 

DTT, 2% IPG Buffer for 4-7L strips (Pharmacia # 17-6000-86), trace of 

Bromophenol blue, 3.5 mis of distilled water.

I n d ia  in k  s t a in  w a s h : 0.3% Tween-20, IX PBS.

N o n  r e d u c in g  2X SDS-PAGE sa m pl e  b u f f e r : lOOmM Tris-HCL pH6.8, 20% 

Glycerol, 4% SDS, 0.2% Bromophenol Blue, distilled water. For reducing sample 

buffer add 10 mM Dithiothreitol (DTT; Sigma #D-5545) just before use.

P r o t e a s e  in h ib it o r  c o c k t a il  s o l u t io n : 1 Complete™ tablet, which contains 

EDTA an a mixture of protease inhibitors which inhibit a broad spectrum of serine, 

cysteine and metalloproteases (Boehringer Mannheim # 1697498) in 2 mis of 

distilled water.



P r o t e in  g e l  f ix e r  s o l u t io n : 1 Litre; 250 ml Methanol (BDH-AnalaR 

#10158EJ), 20 ml Glycerol, 730 ml distilled water.

TM
PROTOSTAIN / S i l v e r  s t a i n  f i x e r  A: 80 ml Isopropanol, 2 ml Glacial acetic 

acid, 100 ml distilled water.

TM
PROTOSTAIN / S i l v e r  s t a i n  f i x e r  B: 40 ml Isopropanol, 10 ml Glacial acetic 

acid, 350 ml distilled water.

TM
PROTOSTAIN / S i l v e r  s t a i n  s e n s i t i s e r :  40g Sensitiser (Flowgen #5 5 -0 0 1 0 )  

in distilled water to a volume of 200 ml.

TM
PROTOSTAIN / S i l v e r  s t a in :  20 ml Silver stain, 100 ml distilled water.

TM
PROTOSTAIN / S i l v e r  s t a i n  d e v e lo p e r :  23 g Developer, 1 litre distilled 

water.

10X SDS-PAGE g e l  r u n n in g  b u f f e r :  30.2 g TRIS Base, 144 g Glycine (Sigma 

#G-7126), 1 litre distilled water. For use dilute 1:10 with distilled water, add SDS 

to 0.1 %.

W e s t e r n  b l o t  t r a n s f e r  b u f f e r : 10 litres: 30 g TRIS Base, 144 g Glycine, 2 

litres Methanol, 8 litres distilled water.

TECHNIQUES

P o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  o f  p r o t e in s  (SDS-PAGE)

10% and 12.5% SDS PAGE gels (Laemmli, 1970) were made up of the 

following components in a vertical gel (18 cms x 16 cms).

Resolving gel (0.7 mm): 10% 12.5%

30% Acrylamide 6.6 ml 8.3 ml



1% Bis-acrylamide 3.0 ml 2.1 ml

1M TRIS pH 8.7 7.4 ml 7.4 ml

20% SDS 0.1ml 0.1ml

Distilled water 2.25 ml 1.3 ml

A small volume of resolving gel solution was used to seal the glass plates 

and prevent leakage (2.5 ml for 0.7 mm gels and 5 ml for 1.5 mm gels). To the 

remaining gel solution 6 pi TEMED and 40 pi 10% AMPS was added and the mix 

pipetted down the edge of the plates until it was 4 cm from the top of the glass 

plate. Distilled water was poured on top from the centre so that an even meniscus 

would form as the resolving gel polymerised. The water was removed after 

polymerisation and residual moisture blotted away using 3 MM Whatman paper. 

The resolving gel was overlaid with a stacking gel solution (see below) and a 20 well 

teflon comb placed in the gel during polymerisation.

Stacking gel

30% Acrylamide 1.7 ml

1% Bis-acrylamide 1.3 ml

1M TRIS pH 6.8 1.25 ml

20% SDS 0.05 ml

Distilled water 5.7 ml

2 pi of High or Low molecular weight markers (Bio Rad # 161 -0303 & # 161 - 

03 ) were added to 30 pi of reducing sample buffer. All sample tubes were placed 

into water which had just been taken off the boil, for 5 minutes to denature 

proteins. The bottom of the gel tank was filled with IX SDS-PAGE running 

buffer. The gel was carefully lowered (starting at one side) into the buffer so the



space left by the bottom spacer filled up with buffer. Plates were then secured into 

the tank. Buffer was used to fill the top reservoir and the comb removed. Using a 

pipette the wells were cleared of air bubbles and debris. Sample volume was 

dependent on the thickness of the gel (30 pi for 0.7 mm & 50 pi for 1.5 mm). The 

gel was run at a constant 30 V overnight or between 180-200 V for 4-5 hrs. Gels 

were run until the dye front was approximately 2 cm above the bottom of the 

plates. After carefully separating the plates the gels were processed as required.

Is o e l e c t r ic  f o c u s in g  r o d  g e l s  fo r  t w o -d im e n s io n a l  g e l  a n a l y s is

Glass rods (Bio-Rad #165-3150) were cleaned by soaking overnight in 5 M 

Hydrochloric acid (BDH AnalaR® #10125) with a few drops of nonionic detergent. 

After washing with 50% 0.1 M KC1 and ethanol, they were finally rinsed with 

distilled water and allowed to dry. Each rod was sealed at one end with dialysis 

tubing (Sigma #D-0530) and placed into the apparatus. The gel mixture was made 

as follows (enough for 13 rods) (O’Farellel, 1975);

7.95 g Urea

1.92 ml Acrylamide Stock (30%w/v Acylamide/1% Bis acrylamide)

2.88 ml NP-40 stock (20% NP-40 in distilled water)

0.722 ml pH 4-6 Bio-Lytes® (Bio Rad #161-1142)

0.722 ml pH 3-10 Ampholine® (Pharmacia Biotech #80-l 125-87)

2.88 ml distilled water

The mix was gently swirled and warmed at 37°C until all the urea had 

dissolved. 37 pi of 10% AMPS and 24 pi of TEMED was added to the mix and 

immediately pipetted into the rods, to 5 mm from the top of the rod. Each gel was 

overlaid with distilled water which was removed after polymerisation. The lower 

tank was filled buffer before lowering the gels into the tank. Then the upper tank



was filled with Top tank buffer (NaOH solution). In order to establish a pH 

gradient with the ampholines the rod gels were run for 15 min at 200 V then 30 min 

at 300 V and a final 30 min at 400 V. The top tank buffer was discarded and 

residual buffer pipetted carefully from the top of the rods. One rod per set was 

loaded with 50 pi of IEF urea sample buffer. The remaining rods were loaded with 

an equal volume of sample and gently overlaid with top tank buffer to prevent 

disturbance of the samples when refilling the top tank. Gels were run for 7000 

volt/hours at 400 V and then a final 15 min at 800 V, to give final focus. Gels were 

carefully removed from the glass rods using positive pressure applied via a syringe 

and stored in SDS-PAGE sample buffer lacking bromophenol blue at -20 °C. The 

rod loaded with sample buffer only was cut up into 5mm sections and each section 

placed into 1 ml of distilled water and left overnight at room temperature to 

dissolve, the pH of each vial was tested using pH papers to measure the pH 

gradient (Sigma P-3536; P-4786 & P-4411; Camlab #MN/903 03).

Im m o b il in e  d r y  st r ip  IE F  g e l s

Immobiline 18 cm dry strips with linear gradients of pH 4-7 (Pharmacia 

#17-1233-01) were soaked in 350 pi reswelling buffer, plus protein sample, 

overnight. Whilst soaking they were covered with inert silicone cover fluid 

(Pharmacia #17-1335-01) to prevent strips from drying out. Strips were then 

blotted carefully to remove excess cover fluid before placing onto a flat bed gel 

apparatus. Electrode buffer strips were soaked in 0.5 mis of tap water and applied 

to the electrodes and gel strip. Again silicone cover fluid was used to prevent the 

strips from drying out during isoelectric focusing. Voltage was set at 500 V and 

steadily increased overnight to 2000 V whilst amperage dropped from 0.5 mA to 

zero as resistance increased. Isolectric focusing was carried out at a 20 °C. Focused 

gel strips were removed from the flatbed apparatus and soaked in SDS-PAGE 

sample buffer, lacking bromophenol blue, for 20 mins in total. The sample buffer 

was changed periodically during the 20 mins before overlaying the second



dimension SDS-PAGE gel. Gels could be stored in sample buffer at -20 °C if 

necessary.

S e c o n d  d im e n s io n  s d s -p a g e  g e l s

Either 10 or 12.5% SDS-PAGE gels were used in the second dimension. 

They were made up as previously described without a teflon well comb, using 0.75 

mm thick SDS-PAGE gels for the dry strip IEF gels and 1.5 mm thick SDS-PAGE 

gels for the IEF rod gels. The stack was poured at a tilt to insure that the level was 

equal to the top of the smaller glass plate, with a small well for molecular weight 

markers. Any excess was removed with a scalpel after polymerisation, to provide 

a smooth surface on which to lay the first dimension IEF gel or Immobiline gel strip 

This was fixed in place with 1% melted agarose solution. The gels were run as 

described previously.

COOMASSIE BLUE PROTEIN STAIN AND GEL DRYING BY CELLOPHANE SHEET 

METHOD

The stacking gel was removed and the resolving gel placed into Coomassie 

blue stain for 15-20 min and destained overnight. Gels were soaked in fixer 

solution for a minimum of 5 hrs. Two pieces of cellophane sheeting (Whatman 

#6602-3862), slightly larger than the drying frame were soaked in distilled water. 

One sheet was placed over the plastic plate and the gel placed on top. The second 

sheet was used to cover the gel before securing with the top plate, aiming to avoid 

any air bubbles. It was then left to air dry on a flat surface.

TM
S i l v e r  s t a i n  f o r  p r o t e in  u s in g  PROTOSTAIN— ( F l o w g e n )

All glassware was washed thoroughly and rinsed with nitric acid (BDH) 

prior to use. Thin (0.7 mm) SDS-PAGE gels were soaked for 30 min in 200 ml 

fixer A, followed by soaking for 2 x 15 min in fresh 200 ml aliquots of fixer B. 

After four 5 min washes with distilled water, gels were soaked in 200 ml of 

Sensitiser solution for 5 min. Using 200 ml of distilled water the gels were again



washed, repeating a further three times. A 20 min soak in the silver stain solution 

was followed by a 1 min wash with distilled water. Development of the gel stain 

was performed by sequential soaking of gels in 400 ml then 300 ml of developer for 

1 min with a final soaking in 300 ml for 5-10 min. The stain was fixed using 2% 

acetic acid for 3 min. Gels were finally washed 4 x 1  min with distilled water 

before fixing gels for drying between cellophane sheets as described previously.

F l u o r o g r a p h y  o f  s d s -p a g e  g e l s

Radioactive gels stained with Coomassie blue were soaked in Amplify 

(Amersham #NAMP-100) for 15-30 min to amplify the radiolabel signal. Gels 

covered in Saran wrap were dried for 2 hrs under a vacuum at 80 °C. Dried gels 

were exposed to Kodak Biomax film (Kodak #891 256) at -70 °C.

W e s t e r n  b l o t t in g  o f  s d s -p a g e  g e l s

Cellulose pads and SDS-PAGE gel were pre-soaked in Western transfer 

buffer (Towbin et al., 1979). The gel cassettes were set up as follows, wetted 

cellulose pad, piece of wet 3 MM Whatman paper, gel, wet “Transblot” 0.2 pm 

nitrocellulose (Bio Rad #162-0112), wet Whatman paper and a wet cellulose pad. 

At each step air bubbles were removed by rolling over with a glass pipette. The 

sandwich was placed into the transfer tank with the gel closest to the negative 

electrode. Transfer was performed at 4°C, overnight at a constant 60 V. After 

transfer the nitrocellulose membrane was processed in one of several ways.

P o n c e a u  S  s t a in in g  o f  w e s t e r n  b l o t s

The membrane was immersed in Ponceau S stain (Sigma #P-7170) briefly 

before washing with distilled water until distinct protein staining was visible.

In d ia  in k  s t a in in g  o f  w e s t e r n  b l o t s



Membranes were rinsed with India ink washing buffer for 10 mins then 

stained for 3 hrs with India ink. Excess stain was removed by rinsing with wash 

buffer.

E n h a n c e d  c h e m il u m in e s c e n t  d e t e c t io n  (ECL)

Chemiluminescent detection of proteins was carried out using either the kit 

version of the western exposure™ chemiluminescent detection system (Clontech # 

K2030-1) or the individual components purchased from Perkin Elmer. Membranes 

were incubated with the appropriate ECL blocking buffer for 60 mins with 

agitation. Primary antibodies were diluted in blocking buffer to the desired 

concentration. Membranes were incubated with the primary antibody for 60 mins 

then washed 3 x 20 min with ECL wash buffer. The secondary antibody-alkaline 

phosphatase (AP) conjugate was diluted at 1:5000 in ECL blocking buffer. The 

choice of secondary was dependent on the species source of the primary. 

Membranes were incubated with the secondary antibody for 60 mins with 

agitation. Wash steps were repeated, followed by 2 x 5 min rinses with assay 

buffer. Diluted enhancer solution was prepared fresh and poured over the surface 

of the membrane with immobilised proteins, incubating for 5 min. The membrane 

was transferred to a fresh container and rinsed with assay buffer for 2 x 5 min. 

The chemiluminescent substrate (CSPD) was prepared fresh and poured over the 

side of the membrane containing immobilised proteins. Excess solution was drained 

after a 5 min incubation and the blot was wrapped in Saranwrap. The membrane 

was exposed to Kodak Biomax film at room temperature.

G e l  o v e r l a y  a s s a y

This method was previously described in Li et al., (1992). Nitrocellulose 

membranes with immobilised proteins were rinsed in buffer A for 5 min at 4°C, as 

were all subsequent steps. Membranes were incubated in buffer A supplemented 

with decreasing concentrations of guanidine-HCL (Sigma #G-3272) (6 M, 3 M, 1.5 

M, 0.75M, 0.38 M, 0.19 M, 0.1 M and 0 M) for 10 min intervals to renature



immobilised proteins. Membranes were blocked against nonspecific binding by 

incubation with blocking buffer-1 for 60 mins, then blocking-2 for a further 60 

mins. Membranes were overlaid, for 12 hrs, with 3-5 ml of buffer A supplemented 

with 50 Jill of in vitro translation reaction products. Excess probe was rinsed away 

with buffer A for 5 mins. Bound protein was detected by exposing membrane to 

Kodak Biomax film at -70 °C.

2:5 PROTEIN ANALYSIS 

REAGENTS

E n zy m es  u s e d :

TNT® T7 RNA P o ly m e r a s e :  Used in conjunction with the TNT® cou p led  

reticulocyte lysate system (Promega L4610)

P r o t e i n a s e  K: Serine endopeptidase that cleaves peptide bonds primarily after 

carboxyl groups of N-substituted, hydrophobic amino acids (Boehringer Mannheim 

#161 -519)

P l a s m id s  u s e d :

pCDNA3-l/MK: Contains 2.4kb full length muskelin insert (Ref. Fig. 4viii).

pCDNA3-l/hf 11: Contains 2.4kb muskelin antisense cDNA insert (Ref. Fig. 

4xii).

pCDNA3-l/AXBA: Contains 1.08kb muskelin C-terminal deletion insert created 

by Xba 1 restriction digest (Ref. Fig. 4x).

pCDNA3-l/ABAM: Contains muskelin 1.965kb C-terminal deletion insert created 

by Bam HI restriction digest (Ref. Fig. 4ix).

pCDNA3-l/AHN: Contains 0.99kb muskelin C-terminal deletion insert created by 

Hind III restriction digest.



S o l u t i o n s

A c t in  G -b u f f e r : 10 mM Tris pH7.5, 130 mM KCL, 20 mM NaCl, 2 mM 

MgCl2, 1 mM P-Mercaptoethanol, 0.1 mM EGTA.

A c t in  F - b u f f e r : 10 mM Tris pH7.5, 130 mM KCL, 20 mM NaCl, 2 mM MgCl2, 

0.2 mM ATP, 1 mM p-Mercaptoethanol, 0.1 mM EGTA.

P r o t e i n a s e  K r e a c t i o n  b u f f e r :  20 mM Tris-HCl, 80 mM KAc, 1 mM 

magnesium acetate (MgAc; Sigma #M-2545)

T u b u l in  s u s p e n s io n  b u f f e r : 80 mM 2-(N-Morpholino)ethanesulfonic acid 

(MES, Sigma #M-3885) pH 6.8, 5 mM DTT, 1 mM EGTA, 1 mM MgCL.

T u b u l in  p o l y m e r is a t io n  b u f f e r : 80 mM Mes pH 6.8, 5 mM DTT, 1 mM 

EGTA, 1 mM MgCL, 1 mM GTP, 10 pg/ml Taxol (ICN #193532).

T u b u l in  s u s p e n s io n  b u f f e r  f o r  c y c l in g  e x p e r im e n t : 100 mM Mes pH 6.8, 1 

mM EGTA, 1 mM Magnesium sulphate (MgS04; Sigma #M-9397).

TECHNIQUES

B r a d f o r d  p r o t e in  a s s a y

The Bradford assay is a dye binding assay based on differential changes in 

colour in response to various protein concentrations (Bradford, 1976). The dye 

reagent contains Coomassie brilliant blue G-250, which demonstrates a shift in its 

absorbance maximum in an acidic solution from 465 nm to 595 nm when it binds to 

protein. Therefore increased absorbance of the dye reagent at 595 nm correlates 

with increasing protein concentrations.

The dye reagent (Bio-Rad #500-0006) was diluted by a ratio of 1:4 in 

distilled water and filtered before use. 10 pi aliquots of the BSA standards and 

samples were placed into clean tubes with 10 pi of sample buffer as a "blank". To



each tube, 500 pi of the dye reagent was added and mixed by gentle inversion. 

After 15 min the OD595 versus the reagent blank were measured and recorded. The 

OD 59 5  values of the BSA standards were plotted against their concentration (OD595 

values on the y-axis and concentration on the x-axis). Therefore the protein 

concentrations of the samples were read from the standard curve.

T u b u l in  im m u n o p r e c ip it a t io n  o f  m e t a b o l ic a l l y  l a b e l l e d  C2C12

MYOBLASTS

Cells were lysed on ice in 1 ml of 1% Triton X-100 lysis buffer (Ref. 

Section 2:3) with protease inhibitor cocktail at 1:10 dilution for 20 mins. The 

soluble detergent fraction was reclarified for 5 mins at high speed in a 

microcentrifuge, and the resultant supernatent transferred to a fresh tube on ice. To 

preclear, 7 pi of preimmune serum was added and left on ice for 60 min. 40 pi of 

recombinant protein A Sepharose beads (Upstate Biotech # 16-125) were added, 

incubating at 4°C with agitation for 45 mins. The supernatent was recovered by a 

short high speed spin and transferred to a fresh tube. Depending on the 

requirements of the experiment, aliquots were made of the precleared supernatant. 

4 pis in total of primary antibodies were added to the sample and left for 2 hrs on 

ice. The volume of individual primary antibodies used varied according to whether 

one or two were being used simultaneously. 40 pis of protein A Sepharose beads 

were added to each sample and incubated for 45 mins as before. When using mouse 

monoclonals as primary antibodies for immunoprecipitations 4 pis of anti-mouse 

anti-goat bridging antibody was added to samples and left for 60 mins before 

incubating with 40 pis protein A Sepharose beads. The beads were recovered by a 

short high speed spin and the supernatant discarded. The beads were washed once 

with SDS wash buffer then once with high salt buffer. Finally, beads were washed 

twice with SDS buffer before adding SDS-PAGE sample buffer without DTT to 

prevent reduction of the IgG which when reduced migrates with a similar gel 

motility as monomeric tubulin.



I n  v itr o  t r a n s l a t i o n  o f  m u s k e l in

The TNT®coupled reticulocyte lysate system (Promega #L46110) was 

used to carry out coupled transcription/translation reactions in vitro. The 

following reagents were mixed on ice by gentle pipetting.

TNT® Rabbit Reticulocyte Lysate 25 pi

TNT® reaction Buffer 2 pi

TNT® T7 RNA Polymerase 1 pi

(K)TNT Amino Acid mix minus Methionine 1 pi

S35-Methionine 4 pi (approximately 50 pCi)

Plasmid DNA 1 pg

distilled water make up to final volume of

50 pi

The reactions were incubated for 90 mins in a 30 °C water bath. Reactions 

were stored at -20 °C in a perspex box until needed.

P r o t e i n a s e  K  d i g e s t i o n  o f  i n  vitro  t r a n s l a t e d  m u s k e l in

For each reaction, 5 pi of the in vitro translation was diluted 5OX in ice cold 

buffer (20 mM Tris-HCl pH 7.4, 80 mM KAc, 1 mM MgAc) and the following 

was added: 5 mM MgAc; 2 mM unlabelled methionine and 2 mM cyclohexamide. 

Each sample was incubated with Proteinase K (Boehringer Mannheim #161 -783) 

for 10 mins on ice at concentrations of 10 pg/ml to 50 pg/ml. The reactions were 

stopped by the addition of 1 mM PMSF. SDS-PAGE sample buffer plus 100 mM 

DTT were added to prepare samples for SDS-PAGE gel analysis.



A c t in  c o s e p im e n t a t io n

10 mM of purified rabbit skeletal actin in polymerisation buffer was 

precleared at 100,000g for 30 mins to remove aggregates at 4°C, total volume of 50 

pi. The supernatant was transferred to a fresh tube. ATP was added to a 

concentration of 0.2 pM together with predetermined amounts of in vitro 

translated muskelin. The mix was incubated at 25 °C for 30 mins. To pellet the 

polymerised actin, tubes were centrifuged for 30 mins at 25 °C and 100,000 g. 

Supernatant and pellet were separated and placed into SDS-PAGE sample buffer 

with 10 mM DTT for gel analysis (Lo et al., 1994).

M ic r o t u b u l e  s in g l e  c y c l e  c o s e d im e n t a t io n

10 mg/ml of purified bovine brain tubulin (ICN #771121) was diluted in cold 

suspension buffer to a final concentration of 2 mg/ml (total volume of 50 pi). The 

dilution was centrifuged at 100,000 g for 30 min at 4°C to remove aggregates in an 

ultracentrifuge. The supernatant was transferred to a freshly chilled tube. GTP 

was added to 1 mM and taxol to 10 pg/ml incubating at 37 °C in a water bath for 

45min to allow polymerisation. The microtubules were diluted to 1 mg/ml and 50 

pi aliquots made. One aliquot was incubated for 30 min with in vitro translated 

muskelin and another without at 37 °C. The microtubules were pelleted at 100,000 

g for 30 min at 37 °C underlayed by a 25% sucrose in polymerisation buffer plus 

taxol. The upper layer was collected and placed into SDS-PAGE sample buffer 

with DTT. The pellet was placed into SDS-PAGE sample buffer plus 10 mM 

DTT and samples were analysed by SDS-PAGE.

M ic r o t u b u l e  c y c l in g  c o s e d im e n t a t io n

Purified bovine brain tubulin was diluted in 50 pi cold suspension buffer to 

a concentration of 8 mg/ml or 2 mg/ml (Collins, 1991). The dilution was 

centrifuged at 100,000 g for 30 min at 4°C to remove aggregates in an 

ultracentrifuge and the supernatant transferred to a freshly chilled tube. 1 mM



GTP and 10 pg/ml of taxol were added to the supernatant which were then 

incubated in a water bath at 37 °C for 45 min to allow polymerisation. The 

microtubules were diluted to 4 mg/ml or 1 mg/ml and 50 pi aliquots made. One 

aliquot was incubated for 30 min with in vitro translated muskelin and another 

without at 37 °C. The microtubules were pelleted at 100,000 g for 30 min at 37 

°C. The pellet was resupended in buffer plus calcium chloride to a concentration of 

3 mM and depolymerised on ice for 30-60 mins depending on tubulin 

concentration. Unpolymerised microtubules were removed at 17,000 rpm in an 

ultracentrifuge and the supernatant transferred to a fresh tube. To prevent calcium 

induced proteolysis 5 mM EGTA was added and the microtubules polymerised at 

37 °C for 10-30 mins. Microtubules were sedimented at 17,000 rpm and prepared 

for depolymerisation as before. Three cycles of polymerisation and 

depolymerisation were performed with 25% of the volume kept at each stage for 

gel analysis. Microtubules that failed to depolymerise were also collected for 

analysis.

2:6 CHROMATOGRAPHY TECHNIQUES 

REAGENTS

S o l u t io n s

A c e t ic  a c id  l y sis  b u f f e r : 1% Triton X-100, 50 mM Acetic acid, 2 mM EDTA, 

5 mM EGTA, 10 mM NaCl, pH5.0.

A n io n  e x c h a n g e - c o l u m n  s t a r t  b u f f e r : 20 mM Bis Tris Propane (Sigma #B- 

6755), 10 mM NaCl, pH7.0.

C a t io n  e x c h a n g e - c o l u m n  s t a r t  b u f f e r : 50 mM Acetic Acid, 10 mM NaCl, 

pH5.5.

D N a se  1 c o u p l in g  b u f f e r : 100  mM Hepes pH7.2.



D N a se  1 s t a r t in g  b u f f e r : 20 mM Bis-Tris propane, 10 mM NaCl, 0 .2  mM 

ATP 0.005% sodium Azide (Sigma #S-2002).

D N a s e  1 e l u t io n  b u f f e r : 50%  Formamide (BDH, #4 4 4 4 7 5 W ), 2 0  mM Bis-Tris 

propane, 10 mM NaCl, 0 .2  mM ATP, 0 .005%  sodium Azide.

Bis T r is  P r o p a n e  l y sis  b u f f e r : 1% Triton X-100, 10 mM NaCl, 2 mM EDTA, 

5 mM EGTA, pH7.0.

TECHNIQUES

D N a s e  1 c o u p l i n g  t o  AFFIGEL-15

2 x 1ml of Affi-gel 15 slurry (Bio Rad #153-6051) was transferred to 

microfuge tubes and spun briefly to pellet the gel. The supernatant solvent was 

removed and the gel washed with 3 bed volumes of deionised water. The gel was 

transferred to a 15 ml tube and the ligand, DNase-1 (Boehringer Mannheim 104- 

159), in coupling buffer (100 mM Hepes pH 7.2), was added in excess (50 mg/ml 

of gel bed volume). The solution was incubated for 4 hrs on ice with agitation. 

Reactive esters were blocked with 1M ethanolamine pH 8.0 (Sigma) at 0.1ml per 

ml of gel for 60min on ice. The gel was then transferred to a Bio Rad polyprep 

column (Bio Rad 731-1550) and washed with 10 ml of deionised water and stored 

in coupling buffer plus 0.2% sodium azide at 4 °C.

D N a s e  1 a f f in it y  g e l  c h r o m a t o g r a p h y

All affinity chromatography was carried out at 4°C. The column was 

equilibrated with starting buffer 7-10 ml. The Triton X-100 soluble extracts of 

C2C12 myoblasts were loaded directly to the column and the flow through fraction 

collected. The column was washed with 5 ml of starting buffer and collected for 

analysis. Starting buffer plus 50% formamide was added to remove bound G-actin. 

Regeneration of the column was achieved by washing with 10 ml of starting buffer, 

the rinsing with 10 ml of start buffer. The column was stored in start buffer plus 

0.2% sodium azide at 4 °C.



Io n  e x c h a n g e  c h r o m a t o g r a p h y

The Pharmacia HiTRAP test kit (Pharmacia Biotech #17-6001-01) was 

used to determine which matrix would be most suitable for enriching for the 45 kDa 

muskelin binding protein. The high performance columns are based on a 34 pm 

highly cross-linked agarose matrix and are suited for intermediate and final 

purification of proteins.

C a t io n  e x c h a n g e  c h r o m a t o g r a p h y

Each 1ml column was washed with 10 ml of 50 mM Acetic acid start 

buffer, then 7 ml of start buffer plus 1 M sodium Chloride. Equilibration was 

achieved with 10 ml of start buffer at a rate of 4 ml/min. A maximum of 50 mg of 

protein was loaded manually with a syringe and the flow through collected. The 

rate of flow was kept at approximately 1-2 ml/min by applying positive pressure. 

Unbound material was washed off with 10 ml of start buffer. The bound material 

was then eluted in a stepwise fashion using a gradient of increasing sodium chloride 

concentration. At each step fractions were collected for analysis. The column was 

regenerated by washing with 10 ml start buffer plus 1 M sodium chloride, followed 

by 10 ml of start buffer. Finally the column was washed with 20% ethanol.

A n io n  e x c h a n g e  c h r o m a t o g r a p h y

Each 1ml column was washed with 10 ml 50 mM Bis Tris Propane start 

buffer, then 7 ml of start buffer plus 1 M sodium Chloride before equilibrating with 

10 ml of start buffer at a rate of 4 ml/min. A maximum of 50 mg of protein was 

loaded manually with a syringe and the flow through collected. The rate of flow 

was kept at 1-2 ml/min by applying positive pressure. Unbound material was 

washed off with 10 ml of start buffer. The bound material was then eluted in a 

stepwise fashion using a gradient of increasing sodium chloride concentration. At 

each step fractions were collected for analysis. The column was regenerated by 

washing with 10 ml start buffer plus 1 M sodium chloride, followed by 10 ml of 

start buffer. Finally the column was washed with 20% ethanol.



Et h a n o l  p r o t e in  p r e c ip it a t io n  a n d  c o n c e n t r a t io n  o f  io n  e x c h a n g e

FRACTIONS

Ethanol was added to a volume that was 2.5 x volume of the ion exchange 

fractions. The fractions were left to precipitate on dry ice for several hours. 

Protein was collected at 4,000 rpm, at 4 °C for 15 mins and the supernatant 

carefully discarded. The pellets were washed twice with start buffer to remove 

residual ethanol by resupending the pellet and spinning briefly. The final pellet 

was resuspended in 500 pi -1 ml of start buffer and transferred to a Centricon 100 

spin column (Millipore #4206), which has a molecular weight cut-off of 100 kDa, 

to concentrate protein. Columns were spun at 3000 rpm for 60 mins. The 

remaining solution and pellet were collected in Centricon vial by a further spin at 

3,000 rpm for 15 mins at 4 °C.
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CHAPTER 3

CHARACTERISATION OF THE MOLECULAR INTERACTIONS OF MUSKELIN 

USING THE YEAST DIHYBRID SYSTEM

3 :1  In t r o d u c t i o n

The aim of the experiments described in this chapter was to use the yeast dihybrid 

system to screen a mouse kidney cDNA library for potential interactive partners of 

muskelin. Principally, the system exploits the modular nature of many eukaryotic 

transcription factors with physically separable and functionally distinct domains, such as 

the yeast factor GAL4 (Brent & Ptashne 1985; Ma & Ptashne 1987; 1988). The modular 

components consist of a DNA binding domain, which recognises sequences upstream of 

responsive genes, and an activation domain which facilitates transcriptional activity 

through its interactions with the RNA polymerase complex. For transcription to occur 

both domains are required (Fields & Song 1989; Guarente 1993; Fields & Sternglanz

1994).

By generating hybrids of a protein “X” with the binding domain of GAL4 and a 

protein “Y” with GAL4 activation domain, potential interactions between X and Y can be 

monitored. Interactions between the two hybrid proteins brings the domains into close 

enough proximity to reconstitute the activity of GAL4. Positive interactions are detected 

by the expression of reporter genes under the influence of a GAL4 responsive promoter, 

most typically lac Z, which encodes the bacterial p-galactosidase enzyme involved in

galactose metabolism (Fig. 3i). As the endogenous yeast GAL4 and GAL 80, a negative 

regulator of GAL4, have been deleted from the yeast reporter strain, any GAL4 activity 

detected will have derived from the hybrid plasmids (Fields & Song 1989; Guarente 1993: 

Fields & Sternglanz 1994; Allen etal. 1995).

The system has a number of advantages over established biochemical methods, as 

outlined by Nishimone and colleagues in 1996. The high sensitivity of the assay allows 

weak and transient associations to be detected. There is no need for protein purification 

or antibodies as the DNA sequence of the interacting partner can be directly determined. 

The high level of sensitivity is attributed to the overexpression of hybrid proteins by a 

strong promoter from high copy number vectors. Amplification of the signal is achieved 

by multiple rounds of transcription and translation, producing multiple stable reporter 

proteins per transcript. As the assay is in vivo, proteins are most likely to be in their



PROTEIN X 
GAL4-BD

UAS PROMOTOR LAC Z/HIS 3 REPORTER GENES

The X-Binding Domain (BD) hybrid binds to the UAS. No transcription 
occurs because o f the absence o f a GAL-4 Active Domain (AD).

GAL 4-AD 

PROTEIN Y

UAS PROMOTOR LAC Z/HIS 3 REPORTER GENES

The Y-AD hybrid cannot localise to the UAS, therefore no expression o f 
the reporter genes.

§ .
UAS PROMOTOR LAC Z/HIS 3 REPORTER GENES

The coexpression, plus direct interaction o f the hybrid proteins 
reconstitutes Gal 4 ’s transcriptional activity. This results in the activation 
of the reporter genes, LAC Z and HIS 3.

Fig. 3i The basic principles o f the yeast two hybrid screen. The interacting target

proteins are represented as protein X and Y associated with the appropriate GAL4 domain. 

UAS, defines the upstream activating sequence that GAL4 binds to for activating gene 

expression.



native conformation, but their expression must be stable and not toxic to yeast. It also 

relies on the protein domains retaining their function when grafted to an unrelated protein. 

Independent verification of an interaction is also needed to discount false positives (Allen 

et al. 1995; Nishimone et al. 1996).

The system can be used in 3 ways. Associations between known proteins 

suspected of interacting can be assessed. Specific domains and critical amino acids 

involved in established protein associations can be defined using mutational analysis in 

conjunction with the dihybrid system. But, its most powerful application is in the 

screening of activation domain fusion libraries with a “bait” protein, such as muskelin. to 

identify novel targets for potential interactions. Successful applications include the 

demonstration of the ability of the type 1 tumour necrosis factor (TNF) receptor to 

interact with itself by Yeong-Song et al. (1995). These authors screened a HeLa cell 

cDNA library for proteins that might interact with the intracellular domain of the TNF- 

receptor. A protein was identified with a peptide sequence that matched a short region of 

intracellular domain of the TNF-receptor. They were able to define the region further by 

assessing the ability of deletion mutants of the region to interact with the complete 

intracellular domain of the TNF-receptor within the yeast system (Yeong-Song et al.

1995).

Shattil and coworkers (1995), employed the yeast two hybrid system to screen a 

human cDNA library for novel targets of the intracellular domain of the integrin p3 

subunit. As a result,P-endonexin was identified. These authors were also able to 

establish the structural specificity of the interaction, by testing the affinity of p3- 

endonexinto a selection of integrin P subunit cytoplasmic domains e.g. p2. Cytohesin-1 

is another product of a cDNA library screen using the cytoplasmic domain of an integrin 

subunit, p2 (Kolanus et al. 1996). These authors exploited the system further to define

the site of interaction, using constructs created with isolated protein domains taken from 

cytohesin-1. By exploring the ability of full length cytohesin-1 to interact with other 

surface receptor cytoplasmic domains, they were able to establish the specificity of the 

interaction (Kolanus et.al. 1996).

For our study we chose to screen a mouse kidney cDNA library with full length 

muskelin and also a carboxy terminal deletion mutant (comprising amino acids 1-210. 

which lacks all the kelch motifs), for potential interactive partners. The choice of library



was based on observed high level of muskelin expression within kidney tissue from 

Northern analysis (Adams et.al., 1998). The adopted system utilised a powerful growth 

selection through the conditional expression of a second reporter gene, HIS 3. Colonies 

positive for His growth could then be screened for the expression of the lac Z reporter 

gene, using a simple X-Gal filter assay to detect the activity of p-galactosidase.

In a separate set of experiments the full length and truncated muskelin constructs 

were used to investigate a potential direct interaction with fascin, an actin bundling 

protein (Edwards & Bryan, 1995). Our reasoning was based on the knowledge that fascin 

localizes to actin microspikes which are formed upon adhesion to TSP-1, also that C2C12 

myoblasts overexpressing muskelin exhibit down regulation of microspike structures on 

TSP-1 (Adams, 1995; 1997; Adams et al., 1998).



3:2 Re su l t s

Y e a s t  s t r a i n  p h e n o t y p e

The genotype of the S. cerevisiae strain HF7c is, MATa, ura3-52, his3-200. 

Lys2-801, ade2-101, trpl-901, leu2-3, 112, gal4-542, gal4-542, gal80-538, LYS2::GAL1- 

HIS3, URA3::(GAL4 17mers)3-CYCl-lacZ. Therefore the expected phenotype would be 

a strain that can grow on rich media, YPD, as pink colonies because of the ade2-101 

mutation. It will grow in minimal -Ura but not in -Trp or -Leu medium, unless functional 

TRP1 andLEU2 genes are introduced. To verify the nutritional requirement phenotype 

of the strain, HF7c, colonies from a working stock were streaked onto separate, 

appropriately prepared synthetic media plates (SD) as described in the Methods and 

Materials. The results are summarised in Table 3a (also see p***). As expected HF7c 

grew on YPD and -Ura media but not the other three, verifying the predicted phenotype.

P r e p a r a t i o n  o f  p l a s m i d  c o n s t r u c t s

The restriction enzymes EcoRl and BamHl were used to cut the GAL4 binding 

domain vector pAS2-l within its multiple cloning site. Full length muskelin was released 

from pCDNA3 using the same restriction enzymes. The restriction digests were 

incubated for 2 hrs at 37°C and calf intestinal phosphatase (CIP) was added to the 

reactions containing the bait vectors for a further 60 mins to remove terminal phosphate 

groups from the cut ends of the vector to prevent religation. Each reaction mix was 

separated on a 1% agarose gel impregnated with ethidium bromide, and the DNA 

fragments visualised under aU V  lamp (Fig. 3ii). Lanes 1-3 represent linearised vector, 

migrating at 8.4 kb. In Lanes 4-8 the muskelin insert migrates at 2 kb. A short portion of 

3’untranslated region is present as a 0.4 kb fragment. The muskelin 2 kb insert and the 

pAS2-l vector band were excised from the gel and the 0.4 kb muskelin insert was 

discarded.

The gel slices were melted in sodium iodide at 37°C. 1 pi of Glass milk was added 

as a matrix for the DNA to bind to and kept on ice for 20 mins. The matrix with bound 

DNA was recovered at high speed in a microcentrifuge and washed twice with ethanol 

wash solution (50% Ethanol, 0.1 M NaCl, 10 mM Tris pH 7.5). The washed pellet was 

resuspended in 10 pi of IX TE and incubated at 55°C for 10 min to elute the DNA. After 

recovering the pellet at a high speed spin the supernatant transferred to a fresh tube and



E x p e c t e d T e s t M e d i a

V V YPD

V V URA

0 0 -LEU

0 0 -TRP

0 0 -HIS

Table. 3a Observed nutritional phenotype of the S.cerevisiae strain H7Fc. In the

table: (V), positive growth; and (0), negative growth. The results demonstrate that wild

type HF7c grows on YPD and media lacking uracil (Ura). It can not grow on media 

lacking histidine (-HIS), leucine (-LEU), and tryptophan (-TRP).



Cloning vectors 
pAS2-l & pCDNA3

-  2kb

 0.4kb

M 1 2 3 4 5 6 7

(iii)

8.45

2.32
1.93

M

pAS2-l
8.4kb

2kb

Fig.3ii & iii EcoRl & BamHl restriction digests o f pA S2-l vector and pCDNA3 

plasmid. Digestion products were analysed on 1% agarose gels impregnated with 

ethidium bromide. Lambda DNA BstE II restriction digest products (M) were used as 

size markers in kb. (ii) Digestion products o f empty pA S2-l vector (1-3) and pCDNA3 

with full length muskelin insert of 2.4kb (4-8). Muskelin full length cDNA is excised 

from pCDNA3 as a 2kb insert, plus a 0.4kb fragment o f 3’ untranslated region, (iii) 

Digestion products o f pA S2-l/M k clone (1) and empty vector (2). The pA S2-l/M k 

clone contains an insert corresponding to 2 kb.



the pellet was resuspended in a further 10 pi of IX TE. The incubation and spin were 

repeated and the supernatant kept as before.

Ligation reactions and control reactions (containing vector only) were set up 

overnight at 17°C with T4 DNA ligase (Ref. Materials and methods). After heating for 10 

mins at 68°C the DNA was used for transformation into chemically competent bacterial 

cells. 80 pi of chemically competent cells were transformed with 5 pi of the ligation 

reactions (Ref. Materials & Methods). The transformed cells were plated onto LB/Amp 

plates (200 pEplate) and left overnight at 37°C. Colonies from the vector/insert ligations 

were used to inoculate 2 ml of LB/amp and incubated at 37°C overnight. Minipreps were 

made of the 2 ml grows (Ref. Materials & Methods) and the recovered plasmid DNA was 

digested with the restriction enzymes EcoRI and BamHI. The digests were separated on 

a 1% agarose gel at 70 V for 2 hrs. Figure 3iii presents the restriction fragments and show 

that clone 1 (Fig. 3iii Lane 1) contains an insert migrating at 2 kb, indicating successful 

ligation of muskelin cDNA. The remainder of the minigrow was used inoculate 500 ml of

LB/Amp for a maxigrow in preparation for a maxiprep of the pAS2-l/Mk#l using 

Quaigen Q500 columns (Ref. Materials & Methods).

To subclone full length muskelin into the lower expressing vector, pGBT9, the 

restriction enzymes EcoRI and BamHI were used to excise full length muskelin from

pAS2-l/mk#l and to linearize pGBT9. pGBT9 contains a truncated ADH1 promoter. 

The restriction digests were incubated for 2 hrs at 37°C. Calf intestinal phosphatase 

(CIP) was added to the pGBT9 reactions after 2 hrs and left to incubate for a further 60 

mins. Each reaction mix was separated on a 1% agarose gel and visualised under a UV 

lamp (Fig. 3iv). Lane 1 represents linearised vector, migrating at 5.5 kb and lanes 2-5 the 

muskelin insert migrating at 2 kb. The muskelin insert and the vector bands were excised 

from the gel and the DNA isolated and cleaned as before using sodium iodide and glass 

milk (Ref. Materials & Methods).

Ligation reactions and control reactions (containing vector only) were set up 

overnight at 17°C with T4 DNA ligase (Ref. Materials and methods). After a 10 min heat 

shock at 68°C the DNA was transformed into chemically competent bacterial cells. 80 pi 

of chemically competent cells were transformed with 5 pi of the ligation reactions (Ref. 

Materials & Methods). The transformed cells were plated onto LB/Amp plates (200 

pl/plate) and left overnight at 37°C. Colonies from the pGBT9/MK ligations were used 

to inoculate 2 ml of LB/amp and incubated at 37°C overnight. Minipreps were made of



(iv)

3.68

2.32
1.93

L 8.4kb

U— 2kb

M 1 2 3 4 5

Fig. 3iv EcoRI and BamHI restriction digest o f pGBT9 vector and pAS2-l 

plasmid containing full length muskelin. Digestion products were analysed on a 1% 

agarose gel impregnated with ethidium bromide. Lambda DNA BstE II digestion products 

(M) were used as standard size markers, in kb. Empty pGBT9 vector ( Lane 1) was 

linearised and muskelin 2kb inserts were excised from pA S2-l/M k (Lanes 2-5).



the 2 ml grows (Ref. Materials & Methods) and the recovered plasmid DNA was digested 

with the restriction enzymes EcoRI and BamHI. The digests were separated on a 1% 

agarose gel at 70V for 2 hrs (Results not shown). The majority of clones picked 

contained an insert migrating at 2 kb. Two were chosen, clones 3 and 7, to innoculate 500 

ml maxigrows for maxipreps of the plasmid DNA using Quaigen Q500 columns (Ref 

Materials & Methods).

To create a deletion mutant from the full length muskelin bait construct, pAS2- 

1/Mk#l was digested with the restriction enzyme PstI (Ref. Materials & Methods). This

cut the insert at an internal site and the vector at its multiple cloning site, excising a 

fragment of 1.4 kb as shown in Fig. 3v, Lanes 2, 3, 4 & 5. The vector band plus deleted 

muskelin insert were excised and isolated from the agarose as described previously. The 

new construct were ligated using T4 DNA ligase overnight (Ref. Materials & Methods) 

before transforming into competent E. coli cells. Positive colonies were used to inoculate 

minigrows for minipreps. Miniprep DNA of the clones were digested with EcoRI and 

Pstl and the products resolved on an agarose gel (Fig. 3vi). Clone 3 (Lane 4) was chosen 

and its minigrow used to set up maxigrows. DNA maxipreparation of the pAS2-

l/MkA#3 construct was carried out using Quiagen Q500 columns (Ref. Materials &

Methods). To check that all the bait inserts were in the correct orientation, each clone 

was sequenced at the junction of the GAL4 DNA-BD and cloned muskelin protein using 

primer 1 (5’-TCATCGGAAGAGAGTAG-3’) (Clontech labs, Inc.) at a concentration of 

0.5 pmol (Ref. Materials & Methods). The vector maps and polylinker sequences are

represented in Fig. 3vii, 3viii, and 3ix. The polypeptide structure of the full length 

muskelin bait and C-terminal muskelin deletion bait proteins are illustrated in Fig. 3x and 

xi.

The fascin construct was prepared in the GAL4 activation domain plasmid 

pGADIO (Clontech labs, Inc.). The pGADIO vector contained a library insert so before 

subcloning fascin into its multiple cloning site the library insert had to be removed. The 

insert was removed from a single library clone by digesting with EcoRI at 37°C for 2 hrs. 

The fragments were separated in a 1% agarose gel (Ref. Materials & Methods) and the 

band migrating at about 6.7 kb corresponding to pGADIO vector was excised from the gel 

(Fig. 3xii Lane 2). After cleaning and religation, the pGADIO vector was transformed into 

competent E. coli cells and DNA recovered by alkaline lysis as described previously (Ref. 

Materials & Methods). To check the size was correct, 6.7 kb, DNA was digested with



8.45

9 A■, 1

pAS2-l/AMk
9kb

1.4kbPstl
fragment

(v i)

8.45
3.68

0.7

M 1

■*- pAS2-l 
8.4kb

^_C-terminal deletion 
cDNA 0.6kb

Fig. 3v & vi Pstl and EcoR 1 restriction digests o f pA S2-l/M k. Digestion 

products were analysed on a 1 % agarose gel impregnated with ethidium bromide. 

Lambda DNA BstE Ildigestion products were used as standard size markers (M). (v) 

Creation o f C-terminal deletion in muskelin insert (Lanes 2-5) using Pstl restriction 

enzyme to excise a 1.4kb fragment, (vi) Insert size checked by digestion with EcoRI 

& P stl. Results demonstrate that after Pstl digestion remaining insert size was 

equivalent to 0 .6 kb.
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Amp r

Col El 
on

TRP1

p AS2- 1/Mk 10.39kb

ADH1
Pstl

BamHI

FULL LENGTH  
MUSKELIN 2 kb CYH2

GAL4 ADH1 
BD _

Pstl

EcoRI

P iim er 1 B inding Site

ACT GTA TCG CCG GTA TTG CAA TAC CCA GCT TTG ACT CAT ATG 

GAL4 BD=>

GCC GAG GCC GAA TTC CGG AAG ATG GCG GCT GGC GGG G TG =>

TEcoRl Junction =>Full length Muskelin

Fig. 3vii Plasmid map o f vector pA S2-l containing 2kb full length muskelin 

insert. The red underlined sequence indicates the end o f the GAL4 DNA binding domain; 

the green underlined sequence indicates the EcoRI restriction site; and the blue sequence 

represents the full length muskelin insert in frame.



Primer 1

EcoRlGAL4BD
ADH1

on Pstl

FULL LENGTH 
MUSKELIN 
INSERT 21*

Amp r

ADH1 BamH I

Col El 
ori

TRP1

TCG CCG GAA TTC CGG AAG ATG GCG GCT GGC GGG GTG=>

GAL4 BD EcoRl t  Junction Full length muskelin=>

Fig. 3viii Plasmid map o f vector pGBT9 containing full length muskelin 2kb 

insert. The red underlined sequence indicates the end o f the GAL4 DNA binding domain; 

the green underlined sequence indicates the EcoRl restriction site; and the blue sequence 

represents the full length muskelin insert, in frame.



176a
Fig. 3ix Plasmid map of vector pAS2-l containing the 0.6kb muskelin C-terminal 

deletion insert. The red underlined sequence indicates the end of the GAL4 DNA binding 

domain; the green underlined sequence indicates the EcoRl restriction site; and the blue 

sequence represents the 0.6kb C-terminal muskelin deletion insert in frame.
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D E L E T I O N  I N S E R T

G A M  BD CYH2
EcoRl ADH1

Primer 1 Binding Site

ACT GTA TCG  CCG GTA TTG CAA TAC CCA GCT TTG ACT CAT ATG 

GAL 4 BD=> slEcoRl Junction

GCC ATG GAG GCC GAA TTC CGG AAG ATG GCG GCT GGC GGG GTG=>

=>C-Terminal deletion insert
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EcoRl (Fig. 3xiii Lanes 2 & 3). The remainder of the minigrows for positive clones were 

used to set up maxigrows in 500 ml of LB/Amp. The vector’s multiple cloning site 

(MCS) checked by sequencing with primer 2 (5’-TACCACTACAATGGATG-3‘). 

which sequences at the mutiple cloning site (MCS) of GAL4 AD cloning vectors. 

Sequencing demonstrated that the MCS was as expected (Results not shown).

Fascin was isolated from pCDNA3 plasmid using EcoRl in NEB EcoRl buffer at 

37°C, and pGADIO DNA was linearised using the same restriction enzymes. Fragments 

were separated on an agarose gel and fascin inserts of 2.7 kb (Fig. 3xiv Lanes 1 & 2) were 

excised along with the linearised pGADIO (6.7 kb) (Lanes 3-6). As with the bait 

constructs the DNA was glassed out using sodium iodide and glass milk (Ref. Materials & 

Methods). Ligation reactions were set up overnight at 17°C as before and used to 

transform chemically competent bacteria (Ref. Materials & Methods). Clones from the 

pGADlO-fascin ligation plate were used to inoculate 2 ml LB/Amp for minipreps. 

Minipreped DNA (Ref. Materials & Methods) was digested with the restriction enzyme 

EcoRl 37°C for 2 hrs to check the size of the inserts as visualised on an agarose gel 

(3:22xv). Maxipreps were made of the positive clones which contained the 2.7 kb fascin 

insert and the orientation of the fascin insert was checked using primer 2 (5*- 

TACCACTACAATGGATG-3’) (Clontech Labs, Inc.) which sequences the coding 

strand at the junction of the GAL4 AD and the fascin cDNA (Fig. 3xvi).

S t a b i l i t y  o f  t h e  c o n s t r u c t s  i n  y e a s t  c e l l s .

To determine the stability of the constructs in yeast at the level of DNA, small 

scale yeast transformations were carried out using 1 |Lig of plasmid DNA (Ref. Methods 

& Materials). Yeast transformed with the fascin, full length muskelin and muskelin 

deletion constructs were used to inoculate 5 ml of the appropriate selective media and 

allowed to grow at 37°C with 250 rpm shaking for set time periods of 18-24 hrs. Plasmid 

DNA was recovered from the yeast using yeast lysis solution and glass microbeads (Ref. 

Materials & Methods). 10 pi of the recovered plasmid DNA was used to transform 80 pi 

of chemically competent E. coli (Ref. Materials & Methods). Minigrows of clones were 

set up in 2 ml of LB/Amp at 37°C overnight. The plasmid DNA was minipreped using 

the 500 pi of the 2 ml minigrows by alkaline lysis (Ref. Materials & Methods). To check 

the size of the insert, minipreped DNA was digested using the appropriate restriction 

enzyme and the restriction fragments separated on an agarose gel. EcoRI/BamHI
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Fig. 3xii& Jci/lEcoRl restriction digest of pGADIO plasmid with and w ithout 

mouse kidney library insert. Digestion products were analysed on 1 % Agarose gels 

impregnated with ethidium bromide. Lambda DNA BstE II restriction digest products 

(M) were used as standard size markers in kb. (xfr) Digestion products o f pAS2-l 

(Lane 1) and pGADIO library clone ( Lane 2). (xiii) Digestion products o f pGADIO 

clones. The results demonstrate that the cloning vector, pGADIO, no longer contains 

any insert.
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Fig. 3xiv&  x v  EcoRl restriction digest o f pGADIO plasmid with and w ithout 

2.7kb fascin insert. Digestion products were analysed on 1% Agarose gels impregnated 

with ethidium bromide. Lambda DNA BstE II digestion products (M) were used as 

standard size markers in kb. (x*u) Isolation o f the 2.7kb fascin insert from pCDNA3 

vector (3-6). Lanes 1-2 contain linearised empty pGADIO cloning vector, (xv) 

Digestion products o f pGADlO/Fascin clones. The results demonstrate that all the 

pGADIO inserts corresponded to 2.7kb.
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LEU 2

CCA AAA AAA GAG ATC TCT CGA GGA GAA T T C GCGGGGCCGCGGCA 

<=GAL4 AD TEcoRl Junction Fascin=>

GCCGCGCAGCGGCCTCTCGTCT=>

Fig. 3xvi Plasmid map o f vector pGADIO containing the 2.7kb fascin insert. The purple 

underlined sequence indicates the end o f the GAL4 active domain; the green underlined 

sequence indicates the EcoRl restriction site; and the brown sequence represents the 

fascin insert.



digestion of pAS2-l/MKl revealed that the construct was not stablely maintained. Fig. 

3xvii shows that at 20 hrs the insert size was reduced from 2 kb to a size of about 1 kb. 

The vector was unaffected and retained its correct size. The instability of the plasmid 

within this time period meant that it was not suitable for use in a dihybrid screen. T o 

determine if stability could be increased, full length muskelin was subcloned into a 

different plasmid maintained at a lower copy number, pGBT9. The yeast transformation 

and growth experiment was repeated and the plasmid isolated as before. Restriction 

analysis using EcoRl and BamHI as represented in Fig. 3xviii show that in this vector the 

insert is maintained over 24 hrs (Fig. 3xviii Lanes 4 & 7) and is therefore suitable for use 

in a dihybrid screen. Restriction analysis of DNA recovered from transformants of the 

muskelin deletion protein also show that there was no change in insert size (Fig. 3xixx 

Lanes 9-12) therefore it was also suitable to use in a dihybrid screen. Similarly the fascin 

transformants also showed that the construct was stable in yeast cells (Results not 

shown) allowing it to be used to investigate the potential interaction of muskelin and 

fascin.

E x p r e s s i o n  o f  h y b r i d  p r o t e i n s  in  y e a s t  c e l l s

In order to examine the expression of muskelin protein in yeast cells, protein 

extracts were prepared from transformed yeast using the protocol previously described in 

Materials and Methods. After resolving on 1mm thick 12.5% SDS-PAGE gels (Ref. 

Materials & Methods) the proteins were transferred onto nitrocellulose membranes. The 

membranes were blocked for 60 min with 1% nonfat milk, 0.1% Tween-20 in IX PBS. 

To detect muskelin an anti-muskelin rabbit polyclonal, JOD2 R1 (Adams et al., 1998). 

was used to probe the membranes for 60 min at a working concentration of 1:1000. The 

anti-body recognises a short region at the amino-terminus of muskelin, represented by the 

green box in Fig. 3x & xi. After several washes using ECL wash buffer (Ref. Materials & 

Methods), membranes were probed with the secondary antibody, alkaline phosphatase 

conjugated anti-rabbit, for 60 min at 1:5000. Enhancement and incubation with CSPD 

substrate (Ref. Materials & Methods) was followed by exposure to Kodak Biomax Film.

It was observed that yeast transformed with the muskelin constructs required a 

longer incubation time to reach an OD60o 0.4-0-6.0 (about 48 hrs), in comparison to 

control clones (18-24 hrs). Cells at this OD are in midlog phase growth when growth is 

exponential. Figure 3xx Lane 4, shows that expression of the full length bait protein 

pAS2-l/M k^l was not detected. The alternative full length bait protein in the pGBT9



1 8 3

F i g . & xi x*Restriction digests analysed on 1% Agarose gels impregnated 

with ethidium bromide. Lambda BstE II digestion products (M) were used as standard 

size markers and time is presented in hours. In all three panels, (mi), (xviii) and (xixx): (V). 

vector only; and (VI), vector plus insert, (xvij) EcoRl and BamEIl digestion o f pAS2- 

1/Mk. (xviii) EcoRl and BamEIl digestion of pGBT9/M k. (xixx) EcoRl and Pstl 

digestion o f pAS2-l/AM k. The results demonstrate that the full length muskelin 

construct pA S2-l/M k is not stable after 18hrs growth in liquid medium. The alternative 

full length bait protein, pGBT9/Mk, is stable up to 24hrs as is the C-terminal deletion 

construct pAS2-l/AM k.
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Fig. 3 x \  Western blot o f yeast extracts to analyse expression o f bait. Blot 

probed for muskelin and the molecular mass markers are in kDa. (1) C2C12 whole cell 

extract as positive control for antibody; (2 ), untransformed yeast extract; (3), extract from 

pA S2-l/A M k yeast transformants; and (4), extract o f pA S2-l/M k yeast transformants.. 

The results demonstrate that the full length bait protein is not detected but the C-terminal 

deletion protein is expressed.



vector was also not detected (Results not shown). A band was detected migrating with an 

apparent molecular weight bait of 40 lcDa in the extract taken from yeast transformed

with the C-terminal deletion bait, pAS2-l/MkA#3 (Fig. 3xx Lane 3). However, a less

distinct band is found comigrating with the 40 kDa band in extracts taken from yeast

transformed with the full length muskelin bait, pAS2-l/Mk#l (Lane 4). Therefore it is

not clear whether pAS2-l/MkA#3 is expressed. Stable expression was detected for the

fascin construct pGAD10/FAS^3 (Results not shown). This data suggested that even 

when the full length muskelin plasmid is stably maintained, full length muskelin hybrid 

protein is unstable in yeast and apparently detrimental to yeast growth.

C h e c k  f o r  a u t o m o m o u s  a c t i v a t i o n  o f  r e p o r t e r  g e n e s  in  y e a s t  c e l l s

The plasmids had to be tested for their ability to autonomously activate the 

reporter genes LACZ and HIS3. Each construct was transformed independently into 

HF7c and screened for their ability to grow on -HIS minimal media and for expression of 

the Lac Z gene product p-galactosidase, using the X-gal filter assay. Two controls for the

X-gal assay were used. Wild type GAL4, expressed in pCLl and an established 

interacting pair of proteins, p53 and SV40 large T-antigen. The results showed (Table. 

3b) that none of the plasmids autonomously activated the reporter genes. To achieve 

expression of the reporter genes the proteins would have to interact with a binding 

partner fused to either the GAL4 activation domain (for the bait proteins) or the GAL4 

binding domain (for the fascin hybrid) to reconstitute GAL4 activity.

C h e c k  o f  l i b r a r y  t i t e r  a n d  i n s e r t  s iz e

In order to calculate the amount of library DNA to be used in cotransformations, 

it was necessary to determine the library titre. Dilutions of the library were made 

(dilution A=l:103 of the library and dilution B=l:106 ) and were plated on LB/AMP 

plates and grown overnight at 37°C. The number of colonies on each plate were counted 

and recorded. These numbers were used to calculate the titer, as shown in Figure 3xxi. 

Dilution A = 1.356 x 109 cfu/ml, and dilution B= 2.08 x 109 cfu/ml. The library titer was

therefore greater than 109 cfu/ml, as recommended, and the number of independent clones 

greater than lx l06. Minipreps of ten colonies from plate A were made and the library 

insert size analysed by restriction digests of recovered DNA using EcoRl. Figure 3xxii 

shows the relative sizes of the inserts. Three clones had insert sizes in the range 1 kb+



P l a sm id -HIS G r o w t h P -G a l c t o s id a s e  a c t iv it y

WT GAL4 V 100%

SV40 Large T-AG 0 0

p53 0 0

p53 & SV40 Large T-AG V 100%

pAS2-l/Mk 0 0

pAS2-l/AMk 0 0

pGBT9/Mk 0 0

pGADlO/Fascin 0 0

Table. 3b Check for autonomous activation of the reporter genes by hybrid 

proteins (Shown in blue). The hybrid proteins were unable to autonomously activate the 

reporter genes.



Library  titer  c a lcula tio ns

D i l u t i o n ____________N u m b e r  o f  c o l o n i e s  (c f u )

A 1356

B 50 104

B 100 208

T i t e r  c a l c u l a t i o n s  

A 1356 x l0 3 x l0 3= 1.356 x 109cfu/ml 

B 50 (104 + 50) 103 x 103 x 103 = 2.08 x 109cfu/ml 

B 100 (208 + 100) 103 x 103 x 103 = 2.08 x 109cfu/ml

Fig. ixx i The recommended titer is 1 x 109 cfu/ml. The calculations shown 

above demonstrate that at both dilutions the library titer is over 1 x 109 cfu/ml.
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Fig. Jxwi EcoRl restriction digests o f individual skeletal muscle library clones 

in pGADIO. Digestion products were analysed on a 1% Agarose gel impregnated 

with ethidium bromide. In the panel: (M), Lambda DNA BstE II digestion products 

as standard size markers in kb; and (lanes 1-10), individual skeletal muscle library 

clones digested with EcoRl. The results demonstrate that 3/»o of library clones 

contained inserts o f 1 kb+.



(clones 3,6, & 8) and 1/10 had no inserts (9/10 had inserts). This restriction analysis data 

indicate that a large proportion of the library DNA has inserts above 1 kb and thus 

appeared of good quality in that functional proteins were likely to be expressed.

TW O  HYBRID SCREEN OF MOUSE KIDNEY CDNA LIBRARY WITH MUSKELIN BAITS

Two library scale screens were performed with the full length muskelin ba i t  

protein, pGBT9/Mk#7. Competent HF7c cells were simultaneously cotransformed w i t h  

1 mg of bait DNA and 0.5 mg of library DNA, per 10 ml cells attempting to screen lx  10(l 

independent library clones. 200 jllI aliquots of the transformation mix were plated o n t o  

150 mm plates of -Leu/-Trp/-His minimal media and left at 30°C for 10 days to allow fo r  

slow growing HIS positive colonies. To estimate transformation efficiency, 1:10, 1:100 

and a 1:1000 dilutions of the transformation mix were made using 100 pi of water (to aid 

spreading) and spread on p90 -Trp/-Leu selective plates. Small scale control 

transformations were performed with 100 pi of competent HF7c cells, using 1 pg o f  

pCLl wild type GAL4 (WT GAL4) and 1 pg pTDl-1 SV40 Large T-Antigen (SV40 T- 

AG) plus 1 pg pVA3-l p53.

Tables 3c and d summarises the results of two library scale screens using 

pGBT9/MK#7 and appropriate control experiments. The controls were observed to have 

low transformation efficiencies but when tested for (3-galactosidase activity using the X- 

Gal filter assay, 100% of the colonies were positive. The transformation efficiency o f

o 3
screen 1 was also low at 6 x 10 cfu/pg which meant that only 3x10 independent libarv

clones were screened. One positive HIS clone was recorded but further testing using the 

X-gal filter assay for second reporter gene function i.e. LacZ activity was negative. 

Controls for screen 2 also indicated low transformation efficiencies but were positive fo r  

LacZ function, with 100% turning blue in an X-gal filter assay. In screen 2. the 

transformation efficiency did not improve, yet 713 positive HIS clones were counted. 

For this screen all the positive clones were streaked onto fresh -Leu/-Trp/-His dropout 

media and left to grow at 37°C for an additional 1-3 days, before proceeding with the X- 

gal assay. One of the 713 colonies (Table 3d) turned blue indicating that GAL4 activity 

had been reconstituted by the interaction of the muskelin protein and a library protein. 

As a result the reporter genes HIS 3 and LAC Z had been turned on and the gene products 

histidine and (3-galactosidase were expressed. With regards to the X-gal assay, this

screens for LACZ function as X-gal is a substrate for (Tgalactosidase, the LAC Z gene



( C )

Screen Control Efficiency

cfu/fig

% Positive X-Gal 

test

1 WT GAL 4 6.16 x 103 100

1 SV40 T-AG + p53 465 100

2 WT GAL 4 8.92 x 103 100

2 SV40 T-AG + p53 835 100

(d)

Screen Efficiency

cfu/pg

Number of clones 

screened

Number of positive 

HIS colonies

Positive X- 

Gal test

1 6.0 x 103 3.0 x 106 1 0

2 6.92 x 103 3.46 x 106 713 1 cfu

Table. 3c & d Yeast two hybrid screen of a mouse kidney cDNA library for 

potential muskelin binding proteins. Interactions were detected by growth of colonies on 

-HIS media and expression of the LACZ gene using the X-Gal filter assay, (c) The table 

summarises the results of small scale control transformations, (d) Summarises results of 

library screen using C-terminal mutant of muskelin as bait.



product, and as a consequence of its metabolism yeast cells are turned blue. Ideally, the 

transformation efficiencies for all the screens should have been more than 104 cfu/pg, to 

ensure that the number of independent clones screened was within the recommended 

range of 106 plus.

To check the feasibility of the system, the same library was screened as above 

using lmg of pLAM5’-l (Lamin C) control plasmid (Table 3e & f). Although the 

efficiency was low (3.3x10 cfu/pg), two positive clones were identified by HIS3 growth 

selection and the X-gal filter lift assay. The positive clones were grown overnight in the - 

Leu/-Trp liquid culture and the plasmid DNA recovered as previously described in the 

Materials and Methods. DNA sequencing using the matchmaker primer 2 (5'- 

TACCACTACAATGGATG-3’) (Clontech Labs, Inc.) at a concentration of 0.5 pmol to 

sequence the 5’ ends of the library inserts, revealed they were cloning artefacts.

During the time I carried out these library screens, I was also comparing the 

toxicity and expression levels of the full length and deletion muskelin constructs with the 

aim of proceeding to library screens using the amino-terminal protein as bait. However 

because I had also begun to obtain interesting results from muskelin overlay assays 

(Chapters 5, 6 & 7) I did not proceed with further library screens.

I n v e s t i g a t i o n  o f  a  p o t e n t i a l  i n t e r a c t i o n  b e t w e e n  m u s k e l i n  a n d  f a s c in

To investigate whether fascin and muskelin interact directly, six small scale experiments 

were performed using pAS2-l/MkA 3 (deletion construct) with pGAD 10/Fas 3 (Table. 3 

h 1-6). The number of transformants obtained indicated that transformation efficiency 

was low. As expected the controls were a 100% positive for GAL4 activity by the ability 

to metabolise X-gal (Table. 3 g). In contrast there were no positive HIS 3 clones on the 

growth selection plates, therefore there were no colonies to test for second reporter gene 

function by the X-gal assay. One experiment was also performed, at the same time as 

experiment 6 (Table 3 g & h), using the full length bait protein pGBT9/MK#l but this 

was negative (Experiment 7 Table h). Although these results suggest that fascin and the 

C-terminal muskelin deletion do not interact it can not be clarified until the expression of 

the C-terminal muskelin deletion protein is confirmed.



(e)

Screen Control Efficiency

cfu/|lg

% Positive 

X-Gal test

1 WT GAL 4 7.16xl03 100

1 SV40 T-AG + p53 1.35x10s 100

(f)

Screen Efficiency

cfu/pg

Number of clones 

screened

Number of positive 

HIS colonies

%  Positive 

X-Gal test

1 6.6X102 3.3x10s 2 100

Table. 3e & f  Control Yeast two hybrid screen of a mouse kidney cDNA library 

with Lamin C as bait. Interactions were detected by growth of colonies on -HIS media 

and expression of the LACZ gene using the X-Gal filter assay, (e) The table summarises 

the results small scale control transformations, (f) The table summarises results of the 

control screen using Lamin C as bait. Two interactions were detected and efficiencies 

were suboptimal.



(g)

W TGAL4 Efficiency
cfu/jig

% Positive 
X-Gal test

SV40 T-AG Efficiency
cfu/pg

% Positive 
X-Gal test

1 9.5x 103 100 1 315 100

2 7.16 xlO3 100 2 1.35 x lO 3 100

3 5.84 x 103 100 3 395 100

4 1.19 x 104 100 4 280 100

5 5.85 x 104 100 5 235 100

*6 & 7 4.24x1 (P 100 *6 & 7 65 100

(h)

Experiment Efficiency
cfu/jig

Positive HIS 
Colonies

% Positive X- 
Gal test

1 1.23X104 0 0

2 5.99x10s 0 0

3 2.72x10s 0 0

4 215 0 0

5 415 0 0

6 25 0 0

7 65 0 0

Table. 3g & h Summarised findings of an investigation into a potential interaction 

between fascin and muskelin (g) Control yeast transformations, (*) defines shared control 

experiments for experiment 6 and 7, which were performed at the same time, (h) 

Experiments 1-6 used the C-terminal muskelin deletion bait (pAS2-l/AMK) and 

experiment 7 used the full length muskelin bait (pGBT9/MK).



3.3 DlSSCUSION

The data presented in the chapter indicate that the dihybrid system is not an 

appropriate approach to use to examine the molecular interactions of full length muskelin. 

An essential criterion for the dihybrid system to work is the stable, nontoxic expression 

of hybrid proteins in yeast. However, the full length muskelin construct did not conform 

to this criterion. Initially, when subcloned into the pAS2-l vector it was found to be 

unstable at the DNA level and potentially toxic to yeast. To alleviate these problems. I 

subcloned full length muskelin into the lower expressing plasmid, pGBT9 which appeared 

to stabilize the construct at the level of DNA. However, western blot analysis using an 

anti-muskelin rabbit polyclonal antibody, JOD2 Rl, revealed there was no expression of 

the full length muskelin bait. Growth of transformants in liquid culture was much slower 

than controls when under selective pressure. Together these observations indicate that 

the hybrid protein was not stably expressed and was possibly detrimental to the yeast.

Although a band was detected migrating at 40 kDa, in extracts taken from yeast 

transformed with the C-terminal muskelin deletion bait, pAS2-l/AMK#3. A comigrating 

band was also detected in yeast extracts from cells transformed with the full length bait 

protein, pAS2-l/MK#l. There also appeared to be a high level of nonspecific bands 

suggesting that the JOD2 Rl antibody was cross reaching with endogenous yeast 

proteins. To confirm if the band is an artefact or true representation of pAS2-l/AMK33 

expression, alternative antibodies which specifically recognise the GAL4 DNA-binding 

domain can be used instead of JOD2 Rl. These antibodies are commercially avalible. 

Alternatively, JOD2 Rl or the commercial antibodies could be used to immunoprecipitate 

the bait protein from extracts of transformed yeast to establish whether pAS2-l/AMKfr3 

is expressed.

In Bartel and Fields review of the dihybrid system (1995), they suggested that 

unstable expression of hybrid proteins can be caused by a range of factors. For example, 

full length muskelin maybe unable to fold properly in yeast. Its ability to enter the 

nucleus may be compromised, an important property required for the system to work, 

either because of the inherent properties of muskelin or because of incorrect folding.



Additionally, the GAL4 DNA binding or activation domain regions of the muskelin 

hybrid may occlude the site of interaction. Simultaneous rather than sequential 

transformations were used to help reduce toxic effects, but the disadvantage of this 

approach was a reduction in transformation frequency. To combat these problems in the 

future, further truncated forms of muskelin could be tested to for toxicity and stability of 

expression and possibly used in library screens.

The expected transformation efficiency for yeast when using one plasmid is 104- 

105 cfii/|ig. Simultaneous transformation of yeast with two plasmids can cause the 

transformation efficiency to drop by a factor of 10 (Bartel & Fields 1995). Sequential 

transformation would help improve efficiency but the toxic nature of the full length bait 

requires simultaneous cotransformation. However, the observation that efficiencies were 

low for the controls, in particular the single plasmid pCLl, suggests that the experimental 

conditions were not optimal. The Lithium acetate method, as first described by Ito et al. 

(1981) and later modified by Schiestl and Gietz (1989; Geitz et al., 1992) is not as 

efficient as electroporation and spheroplast protocols. I tested a further modification to 

Schiestl and Gietz's method by using the addition of DMSO before the heatshock step to 

enhance transformation (Hill et al. 1991). Cells were used fresh when in Log phase 

growth and as soon as possible after being made competent. Further improvements in 

efficiency were sought by swirling the transformation mix throughout the duration of 

heatshock to ensure a uniform effect. Chilling of cells after heat shock was kept breif, 1 - 

2mins, as chilling cells for too long i.e. 5-10 mins can reduce efficiency (Schiestl & Gietz 

1989; Hill et al. 1991). Cells were also allowed to recover after heat shock, by incubating 

for 60 minutes at 30°C YPD to help improve transformation efficiency.

The large number of positive HIS colonies observed in the second screen could be 

due to leaky expression of histidine. Most strains that have been used for similar screens 

are phenotypically prototrophic for histidine because of leaky HIS expression. Use of 3- 

Amino-l,2,4-Triazole (3-AT), an antimetabolite, can suppress any leaky HIS expression 

but this increases the time required for growth selection and restricts the subset of clones



obtained. However, the strain used in the muskelin screens is HF7c, created by Feilotter 

and co-workers (1994), is auxotrophic for histidine and required no 3-AT.

The lack of results using the Lamin C control plasmid in a library screen could 

suggest a number of problems. Firstly, the identification of two false positives found to 

be cloning artefacts may indicate that the library itself is flawed. Although analysis of its 

inserts by restriction enzyme digests would suggest that it contains a reasonable amount 

of large inserts. Therefore, an alternative library could be screened using appropriate 

baits. The low transformation efficiencies obtained would indicate that the actual 

transformation procedure had not been optimised, and a number of options can be used to 

improve efficienies as I have discussed previously.

In a separate series of experiments, I used the dihybrid system to seek evidence 

for direct interaction of fascin with muskelin. The instability of muskelin within yeast 

means the results of experiments using full length muskelin and fascin are flawed. 

Although studies carried out using the truncated protein would suggest that fascin and 

muskelin do not interact directly. The fact that expression of the truncated protein has 

not been confirmed means that these results are not valid.
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CHAPTER 4

CHARACTERISATION OF MOLECULAR INTERACTIONS OF MUSKELIN BY

THE GEL OVERLAY ASSAY

4 : 1  I n t r o d u c t i o n

In this chapter I describe use of in vitro translated full length muskelin in gel 

overlay assays to identify potential muskelin binding proteins. The gel overlay assay as 

described by Li et al., (1992) has been used to study the binding activity of many 

proteins. For example, formation of fibrillar fibronectin extracellular matrix requires self 

association of fibronectin dimers. Fibronectin self assembly is mediated by 

complementary sites within the amino terminal third of the fibronectin molecule. These 

sites were defined using a combination of gel overlay assays and micro titer binding assays 

(Aguirre et al., 1994). Immobilized plasma and cellular fibronectins were overlaid with 

recombinant fibronectins and fragments. The major sites of self association were shown 

to be within the amino terminal type 11.5, type I I I^  and IIIj.6 repeats (Aguirre et al.. 

1994).

Kroemaker and colleagues (1994) used the gel overlay assay to define the 

intramolecular interactions of vinculin and a-actinin. They identified an a-actinin binding 

site within the 90kDa head domain of vinculin and confirmed the presence of a vinculin 

binding site within the C-terminal rod of a-actinin, which had been previously observed 

by McGregor et al, (1994). Intact and purified fragments of a-actinin were immobilized 

on nitrocellulose membranes and overlaid with vinculin or its purified fragments. Bound 

vinculin was detected using antibodies which recognise the 90kDa and 81kDa proteolytic 

head fragments and the C-terminal 27kDa vinculin tail fragment. They observed that the 

interaction between intact vinculin and a-actinin was weaker than the interaction of the 

90kDa N-terminal vinculin fragment with intact a-actinin or a 53kDa c-terminal. The 

absence of binding to the 81kDa proteolytic head fragment of vinculin suggested residues 

1-107 were required for a-actinin binding. There was no interaction between a-actinin 

and the vinculin tail fragment (Kroemker et al, 1994). The ability to determine the



specificity of intramolecular interactions using the gel overlay assay has also been shown 

by investigations of protein kinase C (PKC) affinity to myristoylated alanine-rich C 

kinase substrate, MARCKS (Fujise et a l , 1994). Information on the reaction kinetics 

showed that both the regulatory and catalytic domains of PKC were involved. MARCKS 

had a strong affinity for the isozymes PKCa, PKC5 and PKCe which decreased in the 

order a>8>s. They performed gel overlays using PKC8 and showed that it bound to 

purified bovine MARCKS. As a final example, Manser et al. (1994), overlaid 

immobilized soluble tissue extracts with 32P labelled GTP-p21 to seek binding partners. 

A new brain serine/threonine protein kinase with kinase sequence related to the yeast 

protein STE20 was identified. This kinase was also shown to bind and to be activated by 

Cdc42 and Racl, using overlay assays. Clearly the gel overlay approach provides a fast 

and specific method for charaterising binding partners and defining binding sites.

In vitro translated full length muskelin was chosen as a probe because full length 

muskelin has not yet been successfully expressed as a fusion protein within established 

bacterial expression systems. S35-methionine was incorporated into muskelin synthesised 

during in vitro translation, allowing easy detection of bound muskelin by autoradiography. 

For these experiments whole cell and 1% Triton X-100 extracts from C2C12 cells were 

fractionated through SDS PAGE gels before transfer to nitrocellulose for overlay assays 

(ref. Materials & Methods). The immobilised proteins underwent a cycle of denaturation 

and renaturation using guanidine-HCl before blocking against non-specific interactions 

(ref. Materials & Methods), and overnight incubation with the radiolabelled muskelin as a 

probe. Bound protein was detected by autoradiography or specific antibodies.

A series of controls were performed to validate the interactions before proceeding 

further towards characterisation of the muskelin binding proteins detected. 2-Dimensional 

IEF/SDS-PAGE gel overlays were used to provide additional biochemical information. A 

panel of cell lines were screened to determine whether the same or different muskelin 

binding proteins were present. To explore the biology of the interactions detected in 

C2C12 myoblasts, muskelin binding activity was monitored through out myoblast fusion 

into myotubes.



4:2 Re su l t s

S e t  u p  o f  i n  v it r o  t r a n s l a t i o n s  r e a c t i o n s

In vitro transcription-coupled translation reactions were performed in a cell free 

rabbit reticulocyte lysate system, Promega’s TNT coupled reticulocyte lysate system.
35

using 1 jug of full length muskelin cDNA. S-methionine was incorporated into muskelin 

during the reactions (Ref. Materials & Methods). The reactions were incubated for 90 

mins in a 30 °C water bath. Synthesized proteins were analysed by SDS-PAGE (2 pi of a 

50 pi reaction per lane). The gels were incubated with Amplify solution for 30 mins 

before drying under vacuum for 120 mins. Synthesized protein was detected by 

autoradiography. As a positive translational control, firefly luciferase was synthesised 

from a plasmid provided by the manufacturers in order insure that experimental reactions 

were proceeding satisfacturaly. Figure 4i shows a typical set of translation reactions with 

firefly luciferase migrating with a molecular weight of 62kDa and muskelin at 82kDa. 

Figure 4ii shows a western blot of Triton X-100 lysates of C2C12 myoblasts using the 

anti muskelin polyclonal JOD2 R1 (Adams et.al 1998) to illustrate that the in vitro 

translated protein is of the same size as the endogenous protein detected in C2C12 

extracts, 82kDa.

P r o t e i n a s e  K  t r e a t m e n t  o f  s y n t h e s i s e d  m u s k e l i n

To assess whether the synthesized protein had folded and adopted a stable 

structure, 5 pi of the reaction mix was incubated with Proteinase K for 10 mins on ice 

(Ref. Materials & Methods). Proteinase K was used at concentrations between 10 pg/ml 

to 50 pg/ml. Digestions were analysed using SDS-PAGE analysis and autoradiography 

(Ref. Materials & Methods). It appears that addition of 20 pg/ml of proteinase K fully 

digested the muskelin protein, leaving two major protease resistant fragments of 60 kDa 

and 36 kDa which persisted even after addition of 50 pg/ml of proteinase K (Fig. 4iii). 

There was no evidence of degradation of muskelin in those samples where proteinase K 

was absent. The in vitro synthesized muskelin protein appears to have a secondary 

folded structure including a 60 kDa core which is insensitive to proteinase K treatment.
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Fig. U I <£ i\ii (i) In vitro translation o f muskelin cDNA. In vitro 

transcription/translation reaction products on a 12.5% SDS PAGE gel under reducing 

conditions. In the panel: (L), plasmid encoding firefly luciferase; (MK), plasmid encoding 

muskelin; and molecular mass markers in kDa. (li) Western blot analysis o f Triton X- 

extracts from C2C12 myoblasts, probed for muskelin. In the panel: (Sol), soluble 

fraction; (Insol), insoluble fraction: and molecular mass markers in kDa. The results 

demonstrate that in vitro translated muskelin has the same molecular weight as 

endogenous muskelin.
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Fig l±iii Analysis o f the folded state o f in vitro translated muskelin using 

proteinase K. Digestion products were analysed on 12.5% SDS PAGE gels under 

reducing conditions. In the panel: (MK) muskelin translation untreated; (Pk), proteinase 

K only; and molecular mass markers in kDa. These results demonstrate that muskelin 

appears to have secondary folded structure with a 60kDa and 3 6  kDa fragments which are 

resistant to protease treatment.



C h a r a c t e r i s a t i o n  o f  b i n d i n g  i n t e r a c t i o n s  o f  m u s k e l i n  b y  g e l  o v e r l a y

ANALYSIS OF CELL EXTRACTS

To identify muskelin-binding proteins, C2C12 whole cell and Triton X-100 

extracts were fractionated through 1.5 mm thick SDS PAGE gels and transferred to 

nitrocellulose membrane (Ref. Materials & Methods). Samples were normalised by cell 

number so that the equivalent of 1.5 x 105 cells was loaded in each lane, around 100 pg of 

protein per lane as determined by a Bradford assay (Ref. Materials & Methods). The 

immobilised proteins were initially denatured then renatured by 10 min incubations with 

guanidine-HCl in buffer A (Ref. Materials & Methods) at concentrations of 6 M-0 M . 

To prevent non specific binding the membranes were initially blocked with 5% Marvel in 

buffer A plus 0.5% NP-40 for 60 min, then for a further 60 min with 1% Marvel in the 

same buffer. Membranes were probed for 12 hrs with a whole translation reaction (50 pi) 

diluted in 3-5 mis of buffer A at 4 °C with agitation. Excess probe was removed by a 5 

min wash with buffer A before exposing to Kodak Biomax film for 8-48 hrs at -70 °C. 

The firefly luciferase overlay was used as a control.

Overlays of C2C12 whole cell and Triton X-100 extracts with full length in vitro 

translated muskelin revealed 5 binding proteins (Fig. 4iv). The protein bands migrate with 

apparent molecular weights of 45 kDa, 50 kDa, 52 kDa, 55 kDa and 57 kDa. The 45 kDa 

protein provides the strongest signal. This suggests this may be either the most abundant 

binding partner or the strongest interaction. The 45 kDa protein appears predominantly 

within the Triton X-100 soluble fraction with a small amount in the insoluble fraction. A 

doublet of proteins migrating at 50 kDa and 52 kDa is present within the Triton X-100 

fraction insoluble. The larger binding proteins appear as a doublet in the Triton X-100 

fraction soluble and they migrate between 55-57 kDa. These larger bands however can 

appear as a single band depending on the resolution of the gel. In total 3 experiments were 

carried out at this time and I obtained similar results in all three.

To show that these interactions were specific C2C12 extracts were overlaid with 

in vitro translated firefly luciferase (Fig. 4v). In some experiments, the most abundant
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Fig. ty-tv Muskelin and firefly luciferase gel overlay analysis o f C2C12 cell 

extracts for muskelin binding proteins and binding specificity. In the panels, ( iv ) and 

(v ) :  (C), whole cell lysate; (Sol), Triton X-100 soluble fraction; (Insol), Triton X-100 

fraction insoluble; and molecular mass markers in kDa. (iv‘ ) Extracts transferred to 

nitrocellulose were overlaid with in vitro translated full length muskelin. (v )  Overlaid 

with in vitro translated firefly luciferase. These results demonstrate that muskelin binds 

specifically to 5 proteins.



proteins appear as negative bands on the blots, presumably because the milk block could 

not bind to the nitrocellulose. The figure 4vi, shows that luciferase does not interact with 

any proteins in the extract. Pretreatment of muskelin with 4% SDS and boiling for 5 

mins, before use in the overlay, abolished all ability of muskelin to interact with its 

binding partners, as shown in Fig. 4iv.

As an additional check for the specificity of the muskelin-binding partners, 100 pg 

of C2C12 extracts per lane were separated on a 0.75 mm thick 12.5% SDS-PAGE gel and 

stained for 30 mins with Coomassie blue stain. The gel was fixed for 5 hrs in a fixing 

solution as described in Materials and Methods and then dried between cellophane sheets 

overnight. Coomassie blue stains the most abundant proteins within the cell, the 

detection limit being around 1 (ig (Fig. 4vii). When compared to the bands seen in a 

muskelin overlay (Fig. 4iv) it was clear that the muskelin-binding proteins did not 

represent the most abundant proteins in the cell extracts. On the basis of these control 

experiments, it can be concluded that muskelin specifically binds to 5 proteins migrating 

with molecular weights of 45-57kDa which do not represent the most abundant proteins 

within C2C12 cells.

IS FULL LENGTH MUSKELIN REQUIRED FOR THE PROTEIN INTERACTIONS 

BINDING?

To determine if full length muskelin was required for the observed interactions, 

antisense or three truncated muskelin cDNAs were used as templates in the translation 

reactions. Full length muskelin was contained within pCDNA3 and the muskelin deletion 

proteins were created using Bam HI, XBA and Hind III restriction enzymes. These cut 

the full length insert at internal sites and the vector at its multiple cloning site. The vector 

maps are illustrated in figures 4viii, 4ix, 4x, 4xi and 4xii and the truncated polypeptide 

structures are displayed in Fig. 4xiii, 4xiv, 4xv and 4xvi. SDS-PAGE gel analysis of in 

vitro translation products show that full length translated muskelin is visible migrating 

with an apparent molecular weight of 82kDa (Fig. 4xvii Lanes 2 & 3). The small C- 

terminal deletion protein, ABAM, has a some what lower apparant molecular mass (Fig. 

4xvii Lane 4). In contrast the larger C-terminal deletions, AXBA and AHN, produce
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Fig.l^v\&  v/i*i Testing the specificity o f muskelin interactions by gel overlay 

analysis and Coomassie blue staining o f C2C12 cell extracts. In both the panels, (vi) and 

(vii): (C), whole cell lysate; (Sol), Triton X-100 fraction soluble; (Insol), Triton X-100 

insoluble fraction: and molecular mass markers in kDa. (vi) Translated muskelin was 

pretreated with 4% SDS and boiled before overlaying C2C12 cell extracts, (vii) Coomassie 

stained C2C12 cell extracts analysed on a 12.5% SDS-PAGE gel under reducing 

conditions. These results demonstrate that muskelin binds specifically to 5 proteins 

which are not the most abundant proteins within C2C12 extracts.
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Fig. 4viii Plasmid map o f vector pCDNA3 containing 2.4kb full length muskelin

insert. BGH pA , defines the bovine growth hormone polyadenylation signal and

transcription termination sequence.



muskelin insert

Ampic mm pCDNA3/ABAM 1.965 kb
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ColEl
SV40 o
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Fig. 4ix Plasmid map o f vector pCDNA3 containing 1.965kb Bam HI muskelin 

C-terminal deletion insert. BGH pA , defines the bovine growth hormone

polyadenylation signal and transcription termination sequence.
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SV40 pA

Fig. 4x Plasmid map o f vector pCDNA3 containing 1.08kb Xba 1 muskelin C-

terminal deletion insert. BGH pA , defines the bovine growth hormone polyadenylation

signal and transcription termination sequence.
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Fig. 4xi Plasmid map o f vector pCDNA3 containing 0.99kb Hind III muskelin C-

terminal deletion insert. BGH pA, defines the bovine growth hormone polyadenylation

signal and transcription termination sequence.
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Fig 4xii Plasmid map o f vector pCDNA3 containing 2.4kb muskelin antisense

insert. BGH pA , defines the bovine growth hormone polyadenylation signal and

transcription termination sequence.



Fig. 4xiiit xiv, xv and xvi The polypeptide structure of full length muskelin and 

C-terminal deletion proteins used in gel overlay assays. The green box represents the 

region of muskelin recognised by the anti-muskelin antibody JOD2 R l; the red boxes 

represent non-contiguous kelch motifs; and the blue box represents the carboxyl-terminal 

domain, (xiii) Full length muskelin. (xiv) C-terminal deletion using Bam HI to remove 

80 amino acids from the C-terminal region (ABAM). (xv) C-terminal deletion using XBA 

to remove 375 amino acids from the C-terminal region (AXBA). (xvi) C-terminal deletion 

using Hind III to remove 405 amino acids from the C-terminal region (AHN).
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F i g k  xvii Analysis o f in vitro translated muskelin C-terminal deletion mutants 

ABAM (AB) and AXBA (AX). In vitro transcription/translation products were analysed 

on 12.5% SDS PAGE gels under reducing conditions. In the panel: (L) plasmid encoding 

firefly luciferase; (MK) plasmid encoding full length muskelin; (AB) plasmid encoding 

ABAM mutant muskelin; (AX) plasmid encoding AXBA mutant muskelin; and molecular 

mass markers in kDa.



proteins of about 42kDa (Fig. 4xvii Lane 5 & 4xviii Lane 3). These were used in overlays 

of C2C12 extracts together with full length in vitro translated muskelin as previously 

described. Full length muskelin interacted with the expected pattern of bands (Fig. 4xixx) 

and the short C-terminal deletion construct, ABAM, interacted with the same proteins 

(Fig. 4xx). The larger C-terminal deletions, AXBA and AHN, did not bind any proteins, 

as shown in Fig. 4xxi (AXBA) and 4xxii (AHN). The antisense protein (Fig. 4xviii Lane 5) 

was synthesised with low abundance as expected, since the transcript would not contain a 

Kozak concensus for transcription initiation, and had no capacity to bind from these 

experiments (Fig. 4xxiii).

TW O  DIMENSIONAL GEL OVERLAY ANALYSIS OF MUSKELIN-BINDING PROTEINS

To obtain more information about the biochemical nature of the proteins bound by 

muskelin, overlays of 2-dimensional IEF/SDS-PAGE gels were performed with in vitro 

full length translated muskelin. Extracts were resolved on isoelectric focusing gels in the 

first dimension and SDS PAGE gels in the second dimension. Extracts were prepared 

from C2C12 myoblasts using urea buffer as described in Materials and Methods. As 

determined by Bradford protein assays, 100 pg of whole cell lysate was loaded onto 3 

mm diameter isoelectric focusing/IEF rod gels for resolution in the first dimension (Ref. 

Materials & Methods). Thick (1.5 mm) SDS PAGE gels were overlaid with the IEF gels, 

allowing separation of the extracts in the second dimension according to molecular weight 

(Ref. Materials & Methods). After transfer to nitrocellulose, the membranes were 

prepared for overlay analysis as described in Materials and Methods. Overlays with full 

length muskelin revealed a distinct spot migrating with an apparent molecular weight of 45 

kDa and pi value of 6.0 (Fig. 4xxiv). The protein doublet migrating at 50-52 kDa was 

only faintly visible in these experiments and migrated with an apparent pi of 5.4 (Fig. 

4xxiv). The larger binding protein (55-57 kDa) was not visible in the 2D gel analysis and 

could not be distinguished even after long autoradiographic exposures, because of high 

background signal.
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Fig. if*v ii\ Analysis o f in vitro translated muskelin C-terminal deletion mutant 

AHN and antisense construct (A). In vitro transcription/translation products were 

analysed on 12.5% SDS-PAGE gels under reducing conditions. In the panel: (L), plasmid 

encoding firefly luciferase; (Mk), plasmid encoding full length muskelin; (Bk), blank lane; 

and molecular mass markers are in kDa.



F ig ^ K A j  xx & xx i Gel overlay analysis o f C2C12 cell extracts using in vitro 

translated full length muskelin and the muskelin C-terminal deletion mustants, ABAMand 

AXBA. In all three panels (xixx), (xx) and (xx<): (C), whole cell lysate; (Sol), soluble 

Triton X-100 fraction; (Insol), insoluble Triton X-100 fraction; and molecular mass 

markers in kDa. (xixx) Full length muskelin overlay o f C2C12 extracts, (x*) ABAM  

overlay o f  C2C12 extracts, (xxi) AXBA(AX) overlay o f C2C12 extracts. These results 

demonstrate that theABAM  translation product retains binding affinity for the same 

muskelin binding proteins. AXba translation product has lost the ability to bind.
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Fig. lpcx\. x^iiiGel overlay analysis o f Triton X-100 extracts from C2C12 cells using 

the muskelin C-terminal deletion mutant AHN and antisense construct. In both panels, (xxii) 

and (xxiii): (C), whole cell extract from C2C12 cells; (Sol), soluble fraction; (Insol), insoluble 

fraction; and molecular mass markers in kDa. (xxit) Extracts were overlaid with in vitro 

translated C-terminal deletion mutant AHN. (xxiii.) Extracts were overlaid with muskelin 

antisense in vitro translation. Antisense muskelin and AHN, did not interact with the cell 

extracts.
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E x a m i n a t i o n  o f  m u s k e l i n -b i n d i n g  p r o t e i n s  in  o t h e r  c e l l  l i n e s

Northern analysis shows muskelin to be expressed in a wide variety of tissues in 

adult mouse (Adams et.aL, 1998). Therefore I investigated whether the same binding 

proteins identified in overlays of C2C12 myoblast extracts were present in other cell 

lines. Table 4a lists the cell lines used and primary references. All cell lines were lysed 

with SDS sample buffer for whole cell extracts and with 1% Triton X-100 lysis buffer as 

described in the Materials and Methods. These extracts were resolved in a one-dimension 

by SDS-PAGE gel before transfer to nitrocellulose membrane (Ref. Materials & 

Methods). As described in Materials and Methods the membranes were overlaid with in 

vitro translated 35S-muskelin for 12 hrs at 4°C. Bound muskelin was detected by 

autoradiography and the results are summarised in Table 4b.

Positive control overlays of C2C12 cells are shown in all Figures, 4xxv, 4xxvi and 

4xxvii. As expected all 5 proteins with apparent molecular weights of 45-57 kDa were 

consistently detected. Overlays of the rat myoblast cell line H9c2 (not shown) revealed 

an identical pattern of binding interactions in two out of two experiments. The G8 murine 

myoblast cell line also revealed the same pattern as the C2C12 and H9c2 cells (Fig. 4xxv). 

Again a total of 2 experiments were carried out. The canine kidney epithelial cell line. 

MDCK (Fig. 4xxvi) had the muskelin-binding proteins of the same apparant molecular 

mass as those identified in the myoblast cell lines. Two tumour lines were assayed G361 

(Not shown) and A549 (Fig. 4xxvii). These were both found to contain the 45 kDa 

protein and the large doublet band of 55-57 kDa. However, instead of the middle doublet 

migrating at 50-52 kDa, a distinct singular band with an apparent molecular weight of 51 

kDa was detected (Fig. vii) and summarised in Table 4b. The strength of signals detected 

in the myoblast cell lines and MDCK cells were similar to the levels detected in C2C12 

cells. This could reflect similarities in binding affinities or abundance of the respective 

binding proteins (Fig. 4xxv & 4xxvi). In contrast the tumor cell lines both demonstrated 

lower levels of signal for all the binding interactions. This, could be interpreted as lower 

binding affinities for muskelin or lower abundance of the binding proteins (Fig. 4xxvii).



C e l l  L i n e D e s c r i p t i o n R e f e r e n c e

C2C12 Mouse skeletal myoblasts Blau etal., 1985

H9c2 Rat card»a.c muscle myoblast Heschderet al., 1991

G8 Mouse skeletal muscle 

myoblasts

Christian et al., 1977

MDCK Dog Kidney epithelial cells Gau c h etal., 1966

G361 Human melanoma cells Graham et al., 1984

A549 Human lung carcinoma Gluzman, 1981

Table. A a List of cell lines used in these studies.



C e l l

l i n e

45kDa 50kDa 51kDa 5 2 kDa 55kDa 57kDa

C2C12 V V X V V V

H9c2 V V X V V V

G8 V V X V V V

MDCK V V X V V V

A549 V X V X V V

G361 V X V X V V

Table, tf-b Results of muskelin gel overlay analysis of cell extracts from a range of 

cell lines. The 45kDa and 55-57kDa muskelin binding proteins were present in all 6 cell 

lines. The muskelin binding, 50-52kDa, protein doublet was only detected in four cell 

lines, MDCK, G8, H9c2 and C2C12. A single band migrating with an apparent molecular 

weight of 51kDa was detected in extracts from A549 and G361 tumour cell lines.
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C2C12 G8

T7#. Z|xx\/Muskelin gel overlay analysis o f C2C12 and G8 cell extracts for 

muskelin binding proteins. In the panel: (C), whole cell lysate; (Sol), Triton X-100 

soluble fraction; and (Insol), Triton X-100 fraction insoluble; and molecular mass markers 

in kDa. The results demonstrate that the muskelin binding proteins detected in C2C12 

cell extracts are also present in G8 cell extracts.
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MDCK C2C12

F /g . /;xxviGel overlay analysis o f C2C12 and MDCK cell extracts for muskelin 

bindinng proteins. (C), whole cell extract; (Sol), Triton X-100 fraction soluble; and 

(Insol), Triton X-100 fraction insoluble. Molecular mass markers in kDa. The results 

demonstrate that the binding proteins detected in C2C12 myoblast extracts are also 

present in MDCK extracts.
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Fig. If. xxvi i Muskelin gel overlay analysis o f C2C12 and A549 cell extracts for 

muskelin binding proteins. In the panel: (C), whole cell extracts; (Sol), Triton X-100 

soluble fraction, (Insol), Triton X-100 insoluble fraction; and molecular mass markers in 

kDa. The 45kDa and 55-57kDa muskelin binding proteins were detected in the A549 

extracts, although the signal was much fainter than the C2C12 cells. The muskelin binding 

protein doublet 50-52kDa was not detected in the A549 extracts instead a single band 

migrating with an apparent molecular mass of 51 kDa was detected.



In conclusion muskelin specifically interacts with a number proteins present in a 

range of cell lines. There are apparent differences in its binding partners in two 

transformed cell lines.

E x a m i n a t i o n  o f  m u s k e l in -b in d in g  p r o t e i n s  d u r i n g  m y o b l a s t  t e r m i n a l

DIFFERENTIATION

The aim of these investigations was to establish whether muskelin bound to the 

same proteins during myoblast fusion into myotubes. Both C2C12 and G8 myoblast cell 

lines were propagated in high serum media (20% foetal calf serum FCS) until they were 

near-confluent. The media was then changed to low serum (2% horse serum) to were 

allow the cells to terminally differentiate into myotubes. The media were changed every 

day. Once fusion was apparent the cells were lysed with 1% Triton X-100 lysis buffer 

every second day as described in the Materials and Methods. Day 0 represents the time 

the medium was changed to low serum. Extracts were resolved on 1.5 mm thick, 12.5% 

SDS-PAGE gels and transferred to nitrocellulose by western transfer (Ref. Materials & 

Methods). The extracts were overlaid with in vitro translated full length muskelin for 12 

hrs and bound muskelin was detected by autoradiography (Ref. Materials & Methods). 

On the final day extracts were also made for 2-dimensional gel analysis using urea lysis 

buffer as described in the Materials and Methods. These extracts were loaded onto 

isoelectric focusing/IEF gels for separation in the first dimension (Ref. Materials & 

Methods). The IEF gels were then overlaid onto thick 10% SDS PAGE gels for 

fractionation of proteins in the second dimension according to molecular weight (Ref. 

Materials & Methods).

C2C12 myotube extracts, resolved in 1-Dimensional gels (Fig. 4xxviii), overlaid 

with full length 35S-muskelin revealed that all the binding proteins detected in myoblast 

cells were present from day 0 (myoblasts) through to fully fused myotubes on days 6 to 

10. In addition, a protein band migrating with an apparent molecular weight of 43kDa. 

was present in the Triton X-100 soluble fraction. In these preparations, all the 

interactions appeared to be either stronger or more abundant and this was representative 

of 2 replicate experiments carried out on myotubes. G8 myoblast extracts were prepared
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Fig. 4xxv/iuMuskelin gel overlay analysis o f Triton X-100 extracts from C2C12 

myotubes. In the panel: (C), whole cell extract from C2C12 myoblasts; (Sol), soluble fraction; 

(Insol), insoluble fraction; molecular mass markers in kDa and time in days. The muskelin 

binding interactions are either stronger or the binding proteins are more abundant. A smaller, 

43kDa band is detected in the soluble fractions and an extra band, equivalent to the 51 kDa 

band detected in tumor cell lines, is also apparent in the insoluble fraction.



on day 0 and days 3 to 10, when cultures had terminally differentiated into myotubes. 

Samples were also prepared from day 10 G8 and C2C12 cultures, which contained large 

fused myotubes. All the extracts, from day 0 to day 10 of G8 cultures, overlaid with °S- 

muskelin (Fig. 4xxixxx), appeared identical to the C2C12 myotube extract overlays (Fig. 

4xxviii). That is, muskelin-binding proteins of the same apparant molecular mass to those 

seen in the other cell lines were present, including the extra 43 kDa band which was visible 

in the C2C12 day 0-10 extracts.

In 2D IEF/SDS-PAGE gels, the overlays of day 0 C2C12 myoblast extracts 

demonstrated that the 45 kDa muskelin-binding protein migrated as a single spot with an 

apparent pi value of 6.0 (Fig. 4xxiv). Overlays of the 2D gels with extracts from C2C12 

day 10 (Not shown) and G8 day 10 myotube extracts (4xxixxx) shows the 45kDa protein 

migrating with a series of 5 distinct spots in a pi range of 5.7-5.4 (Fig. 4xxx). As I had 

found with the interactions in myoblasts, the higher apparant molecular mass muskelin- 

binding proteins were not readily detected on the overlay of 2D gels using myotube 

extracts.
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4.3 D isc u ssio n

The purpose of these experiments was to seek information on binding partners of 

muskelin. Overlaying extracts from a panel of cell lines with in vitro translated muskelin 

revealed the presence of 3 widely expressed binding proteins and others which appeared 

more cell type specific. The interactions were specific and were present during terminal 

differentiation of myoblasts into myotubes. The failure of in vitro translated firefly 

luciferase to interact with cellular proteins; loss of muskelin-binding by treatment with 

SDS, and the use of truncated and antisense muskelin cDNAs, all provided evidence to 

demonstrate that the theinteractions detected were specific. In addition, Coomassie 

stained gels showed that the muskelin-binding proteins did not represent the most 

abundant cell proteins.

Proteinase K digestion of in vitro translated full length muskelin indicate the 

presence of two protease resistant regions with apparent molecular weights of 60 kDa and 

36 kDa. This suggests that the synthesized protein has secondary structure. The 

efficiency of protein folding in a cell free rabbit reticulocyte lysate system, as was used in 

these studies, has been studied by Netzer and Hard (1997). Using a Ras-DHFR fusion 

protein folding was assayed by partial proteinase K digestion followed by 

immunoprecipitation of the Ras and DHFR domains. The newly synthesized protein 

was efficiently folded and soluble. Cleavage occurred in the linker between the Ras and 

DHFR domains, a signature of the native protein. By synchronising translation to 

determine timing of domain folding they observed the formation of a protease resistant 

Ras domain before full length protein. These experiments showed that folding was co- 

translational and occurred in a domain-wise manner. Thus the rabbit reticulocyte system 

as used for in my in vitro transcription coupled translation reactions should have provided 

a suitable environment for the correct folding of muskelin.

Other studies also demonstrate the successful use of active proteins produced by 

in vitro translation. Studies by Eichinger et.al (1996) on a novel Actin-fragmin kinase 

which phosphorylates actin in the actin-fragmin complex, is a good example of an in vitro 

translated protein used in a functional study. Fragmin is structurally homologous to



Dictyostelium severin and to gelsolin, a regulator of cortical actin networks in mammalian 

cells. Fragmin binds to actin in heterodimers which are phosphorylated on the actin 

subunit by actin-fragmin kinase (AFK). AFK has two major domains separated by a 

proline/serine rich hinge region. The C-terminus comprises six complete tandem kelch 

motifs and the N-terminus has kinase activity although it contains no known kinase 

domains. Using the same rabbit reticulocyte system as used in my experiments, they 

were able to express the protein and assess its phosphorylation activity. The full length 

protein indeed had kinase activity. A fusion protein, lacking the C-terminal region, 

retained kinase activity at a low level, indicating that the C-terminal region was important 

for the full activity of the protein. From these studies and the proteinase K analysis it 

appears that the in vitro translated muskelin is able to undergo folding and should have 

normal functional activity. However, in the absence of recombinant protein I was not able 

to perform independent tests of function.

Overlay assays using C-terminal deletions of muskelin indicated that the C- 

terminal region of the protein may play an important role in the interactions detected. 11 

may contain hidden binding motifs or provide a structural stability which enables the 

interactions to occur. To further these questions experiments using alternative deletion 

mutants could be pursued. For example, a deletion mutant which lacks the N-terminal 

domain, or point mutations that affect the C-terminal region. Proteinase K digestion of 

full length in vitro translated protein is known to produce two pro tease resistant muskelin 

fragments. These could be separated by immunoprecipitation using the JOD2 R1 anti- 

muskelin antibody which would recognise the fragment containing the amino-terminal 

epitope. Once separated the fragments could then be used as probes in gel overlay assays 

of cell extracts to determine if one or both fragments retained the ability to bind to the 

muskelin-binding proteins.

The presence of the five binding partners in a range of cell lines reflects muskelin's 

broad tissue expression, as shown in Adams et.al., (1998), and also the broad expression 

of muskelin-binding proteins. Of particular interest, is the continued presence of the 

binding proteins during terminal differentiation of myoblasts into myotubes. 2D



IEF/SDS-PAGE gel overlay analysis of extracts taken from G8 myotube and C2C12 

cultures at the latter stages, show the presence of additional spots associated with the 

45kDa protein but with more acidic pi values. It would be interesting to detennine if 

these indicate whether the 45kDa muskelin-binding protein undergoes posttranslational 

modifications during myotube fusion. 2D IEF/SDS-PAGE gel overlay analysis of extracts 

taken from myotube cultures at several days throughout terminal differentiation, would 

indicate the timing at which the 45kDa protein becomes modified by a shift in pi value. 

Thus this event could be staged with respect to commitment or terminal differentiation to 

myotubes.

A number of proteins are known to undergo changes in expression, function and 

structure with myogenesis. For example, mRNA expression of the cell adhesion molecule. 

N-CAM, increase with onset of terminal differentiation (MacCalman et.al 1992). The 

protein is associated with cell-cell adhesion (Edelman & Crossin 1991) and is expressed in 

many isoforms with a range of posttranslational modifications such as phosphorylation 

and glycosylation (Knudson 1990). N-CAM isoform expression in muscle is tightly 

regulated. In proliferative myoblasts the transmembrane isoform is predominant, but 

within fusion competent myocytes, and myotubes, the GPI-linked isoform is 

predominant. In myotubes, N-CAM has an extracellular muscle specific domain (MSD1) 

which bears an O-linked carbohydrate which may alter the conformation of N-CAM and 

act as a signal in myogenesis. N-CAM promotes strong cell-cell adhesions and can 

stimulate gene activity. Given the cell type specificity of many cellular responses to 

TSP-1, it is also interesting that other muskelin-binding proteins appeared more cell-type 

specific. A 50/52kDa protein doublet was detected in myoblasts and MDCK cells. A 

weak interaction with a 51 kDa protein was detected in 2 tumour cell lines (G361 and 

A549).
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CHAPTER 5

FASCIN, ACTIN AND TUBULIN AS CANDIDATES FOR THE MUSKELIN BINDING 

PROTEINS IDENTIFIED IN THE GEL OVERLAY ASSAY

5:1 I n t r o d u c t i o n

The molecular weights of proteins binding to muskelin in the gel overlay assay 

implicated a number of proteins as candidates. In this chapter I describe the approaches used 

to determine whether these candidates are muskelin binding proteins.

A candidate for the largest protein, migrating between 55-57kDa, is fascin, an actin- 

bundling protein. Initially isolated from sea urchin eggs (Kane, 1975, Bryan & Kane 1978) it 

has been shown to bundle actin into structures which stabilise cellular structural processes 

ranging from mechanosensory bristles to filopodia of nerve growth cones (Edwards and 

Bryan, 1995). Molecular cloning of sea urchin fascin by Bryan et al. (1993) revealed a 35% 

peptide identity to the Drosophila singed gene product, a 55kDa protein. A number of 

groups have now cloned murine, Xenopus, bovine and human fascins (Duh et a l , 1994; 

Mosialos et al., 1994; Holthius et al., 1994; Edwards et al., 1996; Saishen et al., 1997). The 

amino acid sequences of these proteins share no homology with other actin bundling proteins 

indicating that the fascins form a separate family of actin binding proteins.

Fascin is involved in actin cytoskeletal dynamics in cells adherent on TSP-1. Cells 

display a distinctive organisation of actin microfilaments in the cell cortex, characterised by 

radial microspikes within large lamellae and a lack of focal contacts (Adams & Lawler, 1994; 

Adams, 1995). Fascin, which is diffusely distributed in cells adherent on fibronectin, is 

localised to the microspikes (Adams, 1995). Adhesion on mixed substrata containing 

different proportions of TSP-1 and fibronectin affects the formation of fascin microspikes. 

On 25% fibronectin 75% TSP-1 their formation was reduced and was abolished on 75% 

fibronectin 25% TSP-1 (Adams, 1997). Co-assembly of fascin microspikes and focal 

contacts and the localisation of fascin to stress fibre bundles was observed in cells adherent on 

intermediate mixes of fibronectin and TSP-1 (Adams, 1997). Fascin positive structures are 

observed in association with actin ribs underlying lamellipodia of spreading and migrating 

cells, at the leading edge (Lin et al., 1996; Tao et al., 1996; Adams, 1997). Large changes in



morphology and motility are seen when LLC-PK1 epithelial cells are microinjected with 

fascin or express fascin at levels similar to transformed or specialised normal cells. Cell-cell 

contacts are disorganised and motility is increased (Yamashiro et al., 1998).

Overexpression of muskelin in cells adherent on TSP-1 increased adhesion and 

spreading and reduced formation of fascin microspikes (Adams et al., 1998). As muskelin 

appears to modulate adhesive responses to TSP-1, it could potentially regulate the actin 

bundling functions of fascin directly. As fascin has a molecular weight of 55 kDa and is 

present in the microspikes associated with cell adhesion to TSP-1 it was a prime candidate for 

the 55-57 kDa muskelin binding protein identified in the overlay assays of various cell types.

The most prominent muskelin interaction is seen with a 45kDa protein. This binding 

partner was detected in all the cell lines I examined (Ref. Section 5:2). Actin is an obvious 

candidate for this protein based on its apparant molecular weight of about 43-42 kDa and its 

role in adhesion. Additionally the kelch motif proteins, kelch and scruin, bind actin directly 

(Ref. Section 1:5A). Actin has a pivotal role in many essential cellular processes, providing 

structural support which defines cell shape and polarity. The interaction of actin with 

myosin is crucial to creating the driving force behind cell motility and cytokinesis (Hall. 

1998).

A combination of 2-dimensional and 1-dimensional gel overlays were used to look at 

the potential interaction of muskelin with monomeric actin (G-actin). Cosedimentation 

assays were used to assess the potential interaction between muskelin and filamentous actin 

(F-actin) using commercially purified rabbit skeletal actin (Sigma #A2522). Cosedimentation 

assays allow actin binding proteins to be defined by their ability to co purify with F-actin 

during cycles of polymerisation. For example, thee interaction of F-actin with titin, which 

forms a single molecule elastic filament extending from the M-line to the Z-line in striated 

muscle, were confirmed using F-actin cosedimentation assays (Jin, 1995). An isoform 

specific interaction between protein kinase C epsilon (PKCe) and F-actin was shown by 

Prekeris et al., (1996) using a combination of cosedimentation, overlay assays and direct 

binding assays.



The candidate for the muskelin binding protein doublet with an apparant molecular 

weight of 50-52kDa, is tubulin. The tubulin monomers alpha and beta copolymerise to form 

microtubules and microtubules can be made in vitro from pure biochemical preparations of a  

and (3 tubulin subunits. Microtubules play a key role in cytoplasmic organisation and due to 

their dynamics can allow for rapid changes in polarity. Many of their functions are 

modulated by interactions with other proteins such as the motor proteins, kinesin and 

cytoplasmic dynein. These are involved in the movement of particles in opposite directions 

along microtubules, to the plus or minus ends, respectively (Vale et al., 1985; Paschel & 

Vallee, 1987). There is also evidence for cross-talk between actin and tubulin filament 

networks.

Most recently, cross-talk between microtubules and early sites of substratum contact 

have been revealed by co-injection of tubulin and vinculin into fish fibroblasts. This allows 

the polymerisation of microtubules and focal adhesion assembly to be followed 

simultaneously (Kaverina et al., 1998). Use of microtubule depolymerising drugs, such as 

nocadazole, demonstrated that focal adhesions capture and stabilise microtubules against 

nocadazole treatment. They also act as preferred sites of microtubule polymerisation, during 

early recovery from nocadazole and brief treatment with taxol (Kaverina et al., 1998). These 

data suggest that microtubules are intimately involved in cell-matrix interactions associated 

with integrin adhesion. By analogy they could also have a role in the adhesive interactions of 

cells with TSP-1.

A precedent for association of a kelch motif containing protein with microtubules is 

provided by tea-1 in fission yeast (Mata & Nurse, 1997). Mutating tea-1 disrupts the ability 

of yeast cells to maintain growing regions exactly opposed at ends of a cylindrical cell. Tea-1 

contains six kelch motifs within its N-terminal region and is localised at the cell poles. 

Microtubules are required to transfer it to the cell poles, suggesting a possible interaction 

between the microtubular network and tea-1. These data provide a precedent to indicate that 

muskelin might interact with microtubules or tubulin and thereby influence cell adhesive 

responses to TSP-1.

Microtubule associated proteins, as with actin binding proteins, are commonly defined 

and purified by their ability to copurify with microtubules during cycles of polymerisation



and depolymerisation. For example, CLIP-170, identified in HeLa cells by its 

cosedimentation with taxol-polymers of microtubules (Rickard & Kreis , 1990; 1991) is 

involved in interactions between endosomes and microtubules (Pierre et al., 1992). CLIP-170 

has also been shown to accumulate at the desmosomal plaques of polarised epithelial cells 

(Wacker et al., 1992). To investigate the possibility that muskelin is interacting with 

microtubules, we performed cosedimentation studies using in vitro translated muskelin and 

commercially purified bovine brain tubulin (ICN#771121). Gel overlay assays and 

coprecipitation studies were designed to establish whether muskelin interacted with tubulin 

monomers.



5:2 R e s u l t s

Is FASCIN THE 55-57 KDA MUSKELIN BINDING PROTEIN?

The gel overlay assay was used to determine if fascin was a muskelin binding protein. 

C2C12 myoblast extracts and non radiolabelled in vitro translated fascin were overlaid with in 

vitro translated full length muskelin, labelled with S35 methionine (Ref. Materials & 

Methods). Bound muskelin was detected by autoradiography using Kodak Biomax film (Fig. 

5i). The five muskelin binding proteins, 45kDa, 50-52kDa and 55-57kDa, were detected in 

overlays of C2C12 extracts (Lanes 1-3). No muskelin binding proteins were detected in the 

Lane containing in vitro translated fascin (Lane 4).

To determine if the levels of fascin produced by in vitro translation were sufficient to 

detectable in an overlay assay, the products of a 50 |il reaction were compared to the levels of 

endogenous fascin in C2C12 extracts, by western blot analysis (Ref. Materials & Methods). 

The nitrocellulose membrane was probed with an anti-fascin polyclonal, UCL2-R1 (Actai^s 

t t  a/,SoU>;fiel), and detected by enhanced chemiluminescence (ECL). In vitro translated fascin 

(Fig. 5ii Lane 4) was detected at a level equivalent to endogenous fascin (Fig. 5ii Lanes 1-3). 

Thus, in vitro translated fascin would be detectable in an overlay assay if it were abinding 

partner.

Although fascin is produced at detectable levels (Fig. 5ii Lane 4) it did not bind to in 

vitro translated muskelin. This might be due to improper folding of fascin or a lack of 

postranslational modifications required for potential muskelin-fascin interactions. A  

reciprocal experiment was carried out using in vitro translated fascin to overlay C2C12 

myoblast extracts, to determine if in vitro translated fascin interacted with endogenous 

muskelin. To check that the synthesised fascin would be active, its binding abilities were 

tested with purified rabbit skeletal muscle actin (5pg; Sigma #A2522), which contains 

products of the actin genes a , (3 and y. Actin was chosen as a positive control because the 

fascin/actin interaction is of known biological significance (Reviewed by Edwards & Bryan 

1995). The overlay was performed as described in Materials and Methods, by incubating the 

membrane for 12hrs at 4°C. Bound fascin was detected by autoradiography (Fig. 5iii). Fascin 

was seen to bind to purified actin (Lane 4) and to a single band present in all extracts (Lanes



Fig.5i-iii Gel overlay and western blot analysis of cell extracts from C2C12 cells 

and in vitro translated fascin. In all three panels, ( i) , ( i i)  and ( iii) :  (C), whole cell lysate 

from C2C12 cells; (Sol), Triton X-100 soluble fraction; (Insol), Triton X-100 insoluble 

fraction; (F), 50|il of fascin in vitro translation reaction products; (Act), 5pg of purified 

skeletal muscle actin and the molecular mass markers are in kDa. ( i)  C2C12 cell extracts 

and non radiolabelled fascin translation reaction products overlaid with full length in vitro 

translated muskelin. (ii) C2C12 cell extracts and non radiolabelled fascin translation 

reaction probed for fascin. ( i ii)  C2C12 cell extracts and purified skeletal muscle actin 

overlaid with in vitro translated fascin. Muskelin overlays of the fascin translation 

reaction did not detect any binding proteins, although fascin was produced at detectable 

levels. In vitro translated fascin overlays of C2C12 cell extracts and actin demonstrated 

binding to purified actin and to an endogenous protein comigrating with the actin at 

45kDa. Binding to endogenous muskelin was not detected in fascin overlays.



(H)

05 —C 3

. ,

aaaaa

45
mmm

C g> r  F

(iii)

Q7V/

:

i ' I

ilwaiiiiaay • -a ay-:: y

45 P a  , '.
Actin

~45kDa

©
A

3 A«>
©

Fascin
55kl)a



1-3), which comigrated with the purified actin at 45 kDa. There was no interaction with 

endogenous muskelin which migrated at 82 kDa.

I S  ACTIN THE 4 5 k D a  MUSKELIN BINDING PROTEIN?

As actin and 45 kDa protein were indistinguishable on a 1 dimensional SDS-PAGE 

gel, we chose to investigate whether monomeric actin was a candidate for the 45 kDa protein 

by using 2D gel analysis. The pi value of the 45kDa protein, presented in Chapter 5, is 6.0. 

Purified actin has been seen to migrate with a pi of 5.3-5.1 (Schafer et al., 1998) and predicted 

pi values for a range of mouse actin isoforms are presented in Table 5a. Whole cell urea 

extracts of C2C12 myoblasts were resolved in the first dimension on IEF gels using 50 pi of 

lysate per rod and the second dimension on SDS-PAGE gels, then transferred to nitrocellulose 

(Ref. Materials & Methods). Samples were equilibrated by cell number so that 50 pi of urea 

extract was equivalent to 1.5 x 105 cells. Later Bradford assays demonstrated this to 

approximate to 100 jig of protein. India ink staining of the western blot shows that proteins 

resolved well in both dimensions (Fig. 5iv).

Full length muskelin was used to overlay the same blot depicted in figure 5iv. As 

described in Materials and Methods the blot was incubated for 12hrs with in vitro translated 

muskelin and bound muskelin detected by autoradiography. As previously shown in Chapter 

5, figure 5xviii, the 45 kDa protein was detected as a distinct spot migrating with a pi of 6.0 

(Fig. 5v).

An anti-actin mouse monoclonal antibody, C4 (ICN #69001), was used to probe the 

same blot shown in figures 5iv and v for actin. The protocol followed is described in detail in 

the Materials and Methods. Actin was detected migrating as an oval shaped spot with tail at 

a pi of 5.7-5.4 (Fig. 5vi). The pi values of actin and the 45kDa protein are thus different and 

when compared visually (Fig. 5v & vi) they are distant from each other on the same 2D 

protein blot.

To further examine the possibility of a direct interaction between muskelin and 

skeletal muscle G-actin isoforms, 1-50 jug samples of purified rabbit skeletal muscle actin 

were resolved on SDS-PAGE gels and immobilised onto nitrocellulose membranes for overlay 

assays (Ref. Materials & Methods). As a protein loading control, equivalent amounts of



A c t in  is o f o r m P r e d ic t e d  PI v a l u e

a-actin (skeletal muscle) 5.20

a-actin (smooth muscle) 5.21

p-actin 5.28

y-actin 5.30

Skeletal muscle actin 5.20

Table 5 a Predicted pi values for a range of mouse actin isoforms.



2 If S*
Fig. 5/v, v & vi 2D IEF/SDS-PAGE gel analysis of the soluble Triton X-100 

fraction from C2C12 cells. In all three panels, (iv), (v) and (vi): (C), C2C12 whole cell 

lysate and molecular mass markers are in kDa. Protein was transferred to a nitrocellulose 

membrane which was then treated in three different ways: (iv), stained with india ink; (v), 

overlaid with in vitro translated muskelin; and (vi), probed for actin. The results 

demonstrate that the pi values of actin and 45kDa are different. Endogenous C2C12 actin 

migrates with a pi of 5.7-5.4 and 45kDa with a pi of 6.0. They are also visibly distant 

from each other on the same blot.
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actin were analysed on a 12.5% SDS-PAGE gel under the same conditions. Protein was 

detected by silver staining (Ref. Materials & Methods) and protein concentration on the gel 

correlated uniformly with increased protein loading (Fig. 5vii). C2C12 whole cell lysate was 

used as a positive control for muskelin binding. The gel overlays demonstrated that muskelin 

bound to the positive control (Fig. 5viii Lane 1) but did not bind to purified skeletal actin 

even at high protein loading (Lanes 2-8).

D o e s  m u s k e l in  c o s e d im e n t  w it h  f-a c t in ?

Cosedimentation assays were used to establish whether muskelin interacts with 

polymerised actin (F-actin). Using a protocol based on the method by Lo et al., (1994). 

commercially purified rabbit skeletal actin was diluted to 10 pM in G-buffer (Ref. Materials 

& Methods) and precleared of aggregates at 100,000 g in a TL-100 ultracentrifuge (Beckman). 

ATP was added to a concentration of 0.2 pM with 1.5-6 pi of in vitro translated muskelin. 

Polymerisation was achieved by incubating the mix in a 25 °C water bath for 60 mins. Tubes 

were centrifuged for 30 mins at 25 °C and 100,000 g to pellet F-actin. Supernatant and pellet 

were separated and placed into SDS-PAGE sample buffer with DTT for gel analysis.

To determine the success of actin polymerisation and sedimentation, samples were 

separated on a SDS-PAGE gel and transferred to nitrocellulose (Ref. Materials & Methods). 

Nitrocellulose membranes were then probed for actin as described in Materials and Methods 

and detected by ECL. From 4 experiments the distribution of actin between pellet and 

supernatant was equal (Fig. 5ix).

The position of muskelin in relation to the actin pellet was established by 

autoradiography of SDS-PAGE gels. Four experiments were performed and Figure 5x 

represents a typical experiment in which muskelin is not seen to cosediment with 

polymerised actin.

Is t u b u l in  t h e  50-52kDa m u s k e l in  b in d in g  p r o t e in  d o u b l e t ?

To establish whether muskelin bound to monomeric tubulin 0.5-50 pg samples of 

commercially purified bovine brain tubulin (ICN #771121), a mix of a  and (3 isoforms, were 

resolved on SDS-PAGE gels (Ref. Materials & Methods). After transfer to nitrocellulose, 

membranes were overlaid with in vitro translated muskelin and bound protein detected by
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Fig. 5W  Silver stained 12.5% SDS-PAGE gel loaded with purified skeletal muscle actin. 

The molecular mass markers are in kDa and amounts of protein in pg. The gel demonstrates 

that the amount o f protein correlated with a uniform increase in protein loading.



P u rified  ra b b it  ske le ta l ac tin  (|ag)

Fig. Sviii, Gel overlay analysis o f increasing amounts o f purified skeletal muscle 

actin (l-50pg). In the panel: (C), whole cell lysate from C2C12 cells; molecular mass 

markers are in kDa and actin in pg. Actin was overlaid with in vitro translated full length 

muskelin. The results demonstrate that in vitro translated muskelin does not bind to 

skeletal muscle actin isoforms.
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Fig. Siy. & x  Analysis o f F-actin cosedimentation studies. In both panels, (ix) and (x): 

(Sn), supernatant; (P), pellet; (Lanes 1-2), actin only; (3-4), actin plus 1.5pl muskelin in vitro 

translation reaction; (5-6), actin plus 3.0)il muskelin in vitro translation reaction; and molecular 

mass markers in kDa. (ix) Western blot analysis o f Sn and P samples with an anti-actin 

monoclonal antibody. (x) Autoradiographic analysis o f Sn and P samples to detect 

distribution o f in vitro translated muskelin. The results demonstrate that muskelin does not 

cosediment with F-actin.



autoradiography (Ref. Materials & Methods). Whole cell lysate of C2C12 myoblasts was 

used as positive control for muskelin binding activity. In the initial experiment 1-50 pg of 

tubulin was overlaid withm vitro translated muskelin and demonstrated muskelin binding 

activity at amounts greater then 1 pg (Fig. 5xi). Later experiments which used 5 and lOpg of 

tubulin demonstrated no muskelin binding activity (Fig. 5xii Lane 4 & 5). In total only one of 

four experiments demonstrated a tubulin interaction with in vitro translated muskelin.

D o e s  m u s k e l in  c o p r e c ip it a t e  w it h  t u b u l in  f r o m  m y o b l a s t  e x t r a c t s ?

To establish whether muskelin coprecipitates with tubulin 1 x 106 C2C12 cells were 

plated on a p90 dishes. As described in Materials and Methods cells were metabolically 

labelled with S35 methionine for 18 hrs then lysed on ice with 1 ml of 1% Triton X-100 lysis 

buffer. Soluble Triton X-100 fractions were precleared on ice (Ref. Materials & Methods), 

with 7 pi of rabbit preimmune serum and 40 pi of protein A Sepharose. Samples were 

incubated on ice with the appropriate precipitating antibodies for 2 hrs. When monoclonals 

were used, 3 pi of an anti-mouse anti-goat bridging antibody was added to the immune 

reaction and left for a further 60 min. All samples were incubated on ice with 40 pi of protein 

A Sepharose for 45 mins before collecting the beads at high speed in a microcentrifuge. The 

supernatant was discarded and the beads washed as described in Materials and Methods 

before resuspending in SDS-PAGE sample buffer without DTT for analysis by SDS-PAGE 

and autoradiography.

Initial immunoprecipitations were carried out using an anti-tubulin polyclonal. 

Tubulin precipitation was low and coprecipitating proteins were not detected in all three 

experiments (Results not shown). In an attempt to improve immunoprecipitation of tubulin, 

a combination of anti-tubulin antibodies was used (Fig. 5xiii). The anti-(3 tubulin (Sigma #F- 

2043), anti-a tubulin (Sigma #T-9026) monoclonals and the anti-tubulin polyclonal did not 

immunoprecipitate a high level of tubulin when used individually (Lanes 3-5). In contrast the 

combination of the anti-tubulin polyclonal with either the anti-a tubulin (Lane 6) or anti-(3 

tubulin monoclonal (Lane 7), precipitated a protein migrating with a similar molecular mass as 

tubulin (50-53 kDa). In particular coprecipitating proteins can be detected in Lane 7. Later 

experiments, using the combination of the anti-tubulin polyclonal and anti-(3 tubulin 

monoclonal, demonstrated high levels of nonspecific precipitation. This made it difficult to
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Fig. Sxii Gel overlay analysis o f Triton X-100 lysates from C2C12 cells and monomeric 

tubulin. In the panel: (C), whole cell extract; (Sol), soluble fraction; (Insol), insoluble fraction; 

(T 5 ), 5pg o f tubulin; (Tio), lOjig o f tubulin and molecular mass markers are in kDa. The 

results demonstrate that in vitro translated muskelin does not bind to monomeric tubulin.



1 2 3 3 4 5 6 7

Fig. 5x iii Autoradiographic analysis of tubulin immunoprecipitations using a 

range o f anti-tubulin antibodies. In the panel: (Lane 1), non immune precipitate; (Lane 2), 

preimmune precipitate; (lane 3), immune precipitate using an ti-a  tubulin monoclonal, 

(Lane 4), immune precipitate using anti-(3 tubulin monoclonal; (Lane 5), immune 

precipitate using anti-tubulin polyclonal; (Lane 6 ), immune precipitate using a 

combination of the an ti-a tubulin monoclonal with the anti-tubulin polyclonal; (Lane 7), 

immune precipitate using a combination o f the anti-p tubulin monoclonal with the anti

tubulin polyclonal; and the molecular mass markers in kDa. The results show that the 

combination o f the anti-P tubulin monoclonal with the anti-tubulin polyclonal 

immunoprecipitated tubulin.



determine if tubulin had been immunoprecipitated and whether muskelin was specifically 

copprecpitating with tubulin from C2C12 cells (Fig. 5xiv).

C a n  m u s k e l in  c o s e d im e n t  w it h  t a x o l - s t a b il is e d  m ic r o t u b u l e s ?

Muskelin does not appear to interact with monomeric tubulin, but this does not rule 

out a possible interaction with polymeric tubulin, microtubules. To determine if muskelin 

directly interacts with microtubules co sedimentation experiments were performed using 

purified bovine brain tubulin. Purified tubulin was diluted in buffer (Ref. Materials & 

Methods) to a concentration of 2 mg/ml. The tubulin and in vitro translation mix were 

precleared at 40,000 rpm (80,000-100,000 g) in an ultracentrifuge (Beckman) for 30 mins at 

4°C. Polymerisation of tubulin was performed at 37 °C with 10 mM GTP and 10 pg/ml 

Taxol. After 45 min, 6 jxl of muskelin translation mix was added to one tube and the reactions 

allowed to continue for a further 30 mins. Microtubules were pelleted as described in 

Materials and Methods and the separated supernatant and pellet placed into SDS-PAGE 

sample buffer.

To assess the success of microtubule polymerisation, samples were separated on 

SDS-PAGE gels and transferred to nitrocellulose membranes for western blot analysis. 

Membranes were probed with either an anti-tubulin polyclonal or with the anti-a tubulin 

monoclonal at dilutions of 1:1000. Detection was by ECL (Ref. Materials & Methods). 

Polymerisation was successful as most of the tubulin was predominantly in the pellet fraction 

(Fig. 5xv Lane 2 & 4).

Autorads of protein gels from the three experiments suggested that some of the 

translated muskelin cosedimented with the microtubules (Fig. 6xvi Lane 4). However, 

controls performed using in vitro translated muskelin only showed that muskelin detected in 

the pellet sample after cosedimentation with microtubules was partly derived from residual in 

vitro translated muskelin which had become stuck to the inside surface of the microcentrifuge 

tubes (Fig. 5xvi Lane 5 & 6).

D o e s  m u s k e l in  c o s e d im e n t  w it h  c y c l ic a l l y  p o l y m e r is e d  m ic r o t u b u l e s ?

To attempt to determine if muskelin was trapped in the aggregate or was specifically 

binding microtubules (See Fig. 5xvi Lane 4), microtubules were cycled three times based on



1 2

PI IP

Fig. 5xiv Autoradiographic analysis o f immunoprecipitation o f tubulin from C2C12 

myoblasts. In the panel: (PI), preimmune precipitate; (IP), immune precipitate; and 

molecular mass markers in kDa. The results demonstrate a high level o f non specific 

precipitation.
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Fig.Sxv & xvi Analysis o f microtubule cosedimentation experiments. In both panels (xv) 

and (xvi): (Sn), supernatant; (P), pellet; (Lanes 1-2) microtubules only; (Lanes 3-4) 

microtubules plus in vitro translated muskelin and the molecular mass markers are in kDa. (xv) 

Western blot analysis o f Sn and P samples using an anti-tubulin polyclonal. (xvi) 

Autoradiographic analysis o f muskelin distribution between Sn and P samples. The results 

demonstrate that muskelin cosediments with microtubules. (Lanes 5 - b )  m uskelin only .



the protocol presented by Collins (1991) for the reversible assembly of taxol treated 

microtubules, and checked for the presence of muskelin. Tubulin was initially diluted in 100 

mM Mes pH 6.8, 1 mM EGTA, 1 mM MgS04, to a concentration of 2 mg/ml. This was 

later increased to 8 mg/ml. Microtubules were assembled as before (Ref. Materials & 

Methods) and 6 (xl of translation mix was added. To disassemble the microtubules they were 

incubated on ice for 30 min and with 3 mM CaCl2. Microtubules that did not depolymerise 

were removed by centrifugation at 17,000rpm in the ultracentrifuge. Reassembly was 

performed for 10 mins at 37 °C with increased concentration of EGTA (5 mM) to reduce 

calcium induced degradation. These steps were repeated until the microtubules had carried 

out three cycles of polymerisation and depolymerisation. Samples were kept at each step for 

analysis, by autoradiography to detect muskelin localisation and by western blot, using anti- 

tubulin antibodies, to detect progression of microtubules. To improve detection of tubulin, 

antibodies were used at a higher concentration of 1/500 rather then 1/1000 as previously used. 

In total 7 experiments were performed. The results showed that in 3/4 experiments the 

microtubules completed two cycles of polymerisation and depolymerisation as detected by 

western blot analysis of cosedimentation samples (Fig. 5xvii Lanes 1-6). Muskelin was 

present after 2 cycles of polymerisation (Fig. 5xviii Lanes 1-6).



Fig. 5xvii & xviii Analysis of muskelin cosedimentation with cyclically 

polymerised tubulin. In both panels, (xvii) and (xviii): All odd lane numbers 

represent samples taken from pellet fractions after depolymerisation; all even lane 

numbers represent samples taken from supematent fractions after polymerisation; 

(Lanes 1-3), represent the first depolymerisation-polymerisation cycle; (Lanes 4-6), 

represent the second depolymerisation-polymerisation cycle; (Lanes 7-8), final 

samples after third polymerisation step; and molecular mass markers are in kDa. (xvii) 

Western blot analysis of samples using an anti-tubulin polyclonal. (T), 5 pg purified 

tubulin as positive control for antibody, (xviii) Autoradiographic analysis of 

muskelin distribution during cycles of microtubule polymerisation and 

depolymerisation. (MK), 50 pi of muskelin in vitro translation reaction. The results 

demonstrate that tubulin completed a minimum of 2 cycles of polymerisation and 

depolymerisation. Muskelin was detected in samples during the first two cycles, 

although levels were reduced.
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5:3 D iscussion

The purpose of these experiments was to determine if certain cytoskeletal 

components were acting as muskelin binding proteins. The proteins, fascin, actin and tubulin 

were chosen because their molecular weights were similar to the apparent molecular weights 

of the unknown proteins. Additionally, actin and fascin are involved in the adhesive 

responses of cells and evidence of cross talk between the microtubule and actin networks has 

been demonstrated.

Muskelin overlays of myoblast extracts and unlabelled in vitro translated fascin 

revealed that muskelin does not bind to fascin. This was demonstrated by the lack of binding 

to endogenous muskelin, when in vitro translated 35S fascin was used in overlay assays, and 

the lack of binding of muskelin to non-radio labelled in vitro translated fascin. The amount of 

fascin produced in one 50pl in vitro translation reaction was equivalent to endogenous levels, 

as shown by western blot analysis. Fascin is clearly not the 55-57kDa muskelin binding 

protein.

Based on the differences in pi value the 45kDa protein was not actin. Actin was seen 

to migrate with an average pi of 5.7-5.4, whilst the 45kDa protein migrated with a pi of 6.0. 

In addition muskelin does not bind to actin, as demonstrated by overlays of purified actin 

samples of up to 50 pg. This is well in excess of the amounts that would be present in 

C2C12 cell extracts.

Although I showed there was no binding to monomeric actin this did not rule out the 

possibility of an interaction with actin microfilaments. Using cosedimentation, muskelin was 

assessed for its ability to cosediment with filamentous actin (F-actin). Very little muskelin 

was detected cosedimenting with F-actin. However, the polymerisation of F-actin from G- 

actin did not appear optimal. Western analysis revealed that on average only half of the actin 

used polymerised but this should still be enough to demonstrate an interaction, as shown in 

studies of actin-vinculin interactions (Weekes et al., 1996).

The muskelin binding protein migrating at 50-52 kDa was not tubulin as shown by the 

lack of muskelin binding in overlays of 5 and 10 pg of purified bovine brain tubulin. Although 

one experiment did display muskelin binding this was detected at amounts greater than 1 pg



which is well in excess of amounts that would be present in C2C12 extracts. Tubulin was 

immunoprecipitated from C2C12 extracts but it was difficult to assess whether muskelin was 

specifically coprecipitating because of a high level of nonspecific precipitation when 

compared to nonimmune and preimmune precipitations.

Although muskelin does not appear to bind to monomeric tubulin the possibility of an 

interaction with microtubules was investigated. Initial studies using one cycle of 

polymerisation proved promising as muskelin was detectable in association with the pellet 

fraction after ultracentrifugation. To investigate this more rigorously, I attempted to see if 

cosedimentation persisted after three cycles of polymerisation and depolymerisation. 

Muskelin was seen to persist although the amount present was reduced. Western blot 

analysis revealed that the microtubules cycled only twice. There may have been some tubulin 

present in the final cycle but its concentration was probably below the threshold of detection.

In Collins (1991), it suggests that some of the tubulin is lost from the experiment 

because the first depolymerisation is often less complete then later steps. Additional factors 

which are present in the initial preparation of taxol stabilised microtubules appear to be 

responsible for resisting depolymerisation by calcium. Once these are lost, the microtubules 

are then more sensitive to the effects of cold and calcium (Collins, 1991). Therefore, I may 

have lost a significant amount of tubulin through its failure to disassociate from the 

microtubules during the initial depolymerisation. As muskelin was detected in samples 

cosedimented after one cycle of polymerisation-depolymerisation steps in the absence of 

microtubules, this might suggest that muskelin has the ability to self aggregate. Two kelch 

motif proteins have demonstrated self aggregation, a-scruin which has the ability to form 

filament structures (Schmid et al., 1991; Way et al., 1995) and kelch can mediate 

oligomerisation through its N-terminal half in vitro (Robinson & Cooley, 1997).

The experiments presented in this chapter demonstrate that muskelin does not bind to 

fascin, actin or tubulin. Additionally there is no apparent association of muskelin with 

filamentous actin and although some muskelin cosediments with microtubules cells still 

spread on TSP-1 in the presence of nocadazole (Adams, 1995). These results are in 

accordance with cell staining experiments using anti-muskelin polyclonal IgG which indicate a 

diffuse localisation for muskelin in C2C12 cells (Adams et al., 1998).
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CHAPTER 6

FURTHER CHARACTERISATION AND ISOLATION OF THE 45kDa MUSKELIN

BINDING PROTEIN

6:1 In t r o d u c t io n

In this chapter I describe the development of a procedure to isolate the 45 kDa 

muskelin-binding protein from C2C12 Triton X-100 extracts for purification. The 45 kDa 

protein was chosen for purification based on: (a), that it appears to be the most abundant 

muskelin binding protein or the protein with the strongest interaction; (b), the interaction 

is present in a range of cell lines; and (c), the interaction persists after terminal 

differentiation of myoblasts.

The strategy involves a number of steps aimed at obtaining a relatively pure 

sample of protein suitable for microsequencing (Edman & Begg, 1967) or matrix-assisted 

laser desorption/ionisation time-of-flight mass spectrometry (MALDITOF) (Pieles et al.. 

1993; Vorm et al., 1994; Gu & Prestwich 1996). A minimum of 100 ng of clean protein is 

required for successful and efficient sequencing by either method, this is equivalent to 

seeing a spot on a silver stain gel.

The 45 kDa is binding protein is most concentrated within the Triton X-100 

soluble fraction therefore, soluble fractions were used as a source for the 45 kDa protein. 

Originally I decided to separate and isolate the 45 kDa binding protein using 2 dimensional 

IEF/SDS-PAGE gel electrophoresis based on the earlier observations that it appears as a 

distinct spot with a pi of 6.0 (Fig. 6i previously used as Fig. 4xxi). However, silver 

stained gels revealed that the 45 kDa protein was not visible and accounted for less then 

0.1% of the total protein within the soluble C2C12 detergent fractions. The 45 kDa 

protein needed to be enriched and the complexity of the fractions reduced. As a first step 

towards obtaining increased enrichment and reducing the complexity of the fractions, ion 

exchange chromatography was chosen as a suitable procedure.

Separation by ion exchange is dependent on reversible electrostatic binding of 

charged molecules to oppositely charged groups covalently attached to a solid matrix. A
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typical experiment involves 5 stages: (1), equilibration of exchange matrix to a pH and 

ionic strength which promotes binding of target molecules; (2), sample application and 

binding of appropriately charged molecules which displace counter ions reversibly bound 

to the matrix, unbound material is washed out; (3), elution of target molecules from the 

column by changing pH or ionic strength; (4) and (5), material still bound to the column is 

removed and the matrix regenerated. Separation is achieved because different substances 

will interact differently with an exchange matrix because of variations in charge, charge 

density and charge distribution. The interactions can be controlled by changing conditions 

such as ionic strength and pH.

The exchange matrix is solid and charged groups are covalently attached and 

associated with mobile counter ions that can reversibly exchange with other ions with the 

same charge. With respect to the experiments described in this chapter, we examined four 

different column matrices that were Sepharose based: diethylaminoethyl (DEAE) a weak 

anion exchanger; quaternary ammonium (Q) a strong anion exchanger; carboxymethyl 

(CM) a weak cation exchanger and sulphopropyl (SP) a strong cation exchanger. The 

buffers chosen were based on the properties of the column and the pi value of the 45 kDa 

protein. Briefly, the pi value represents the pH at which a molecule carries no net charge 

therefore, exposing the 45 kDa protein to a pH greater than 6.0 will mean it carries a net 

positive charge. Exposure to a pH less then its pi will set a net negative charge on the 45 

kDa protein. If the 45 kDa protein is more stable at a pH below its pi then a cation 

exchanger would be suitable, if its stability is better when the pH conditions are above its 

pi value then an anion exchanger will be more suitable. The starting buffer pH is 

optimised to enrich for the 45 kDa protein either at pH 5.0 or pH 7.0 depending on the 

type of exchanger used.

The ionic strength of the starting buffer also needs to be optimised to a 

concentration which suppresses binding of contaminants but does not interfere with 

binding of the 45 kDa protein to the column. A stepwise ion gradient was used to elute 

bound protein from the column. Initially, a broad gradient of sodium chloride (10 mM to 

1 M) was used to allow a suitable starting concentration and elution concentration to be



determined once the fraction containing the 45 kDa protein had been identified by 

muskelin overlays of SDS-PAGE gels.

Ion exchange chromatography is used in the isolation of a broad range o f  

biomolecules, for example isoenzymes of N-acetyl (3-D-glucosaminidases have been 

separated using ion exchange strategies (Scott et al., 1987). Ion exchange has also been 

used in the purification of microtubules and removal of microtubule associated proteins 

(MAPS) (Vallee et al., 1986; Sloboda & Belfi 1998).

Silver stains of 2D IEF/SDS PAGE analysing fractions containing the 45kDa 

binding protein showed an enrichment of contaminating proteins with similar gel 

motilities, such as actin, making it difficult to identify the 45kDa binding protein. By 

depleting actin from the whole cell extracts resolution and fractionation could be 

improved. I chose to exploit the highly specific interaction between G-actin and the 

endonuclease, DNase 1 and create a DNase 1 affinity column (Lazarides e t al., 1974: 

Mannherz et al., 1975; Sakabe et al., 1993; Ajatai & Venyaminov 1983; Boyer et al.. 

1985). This interaction inhibits DNase 1 activity (Lazarides et al., 1974). A DNase 1 

affinity matrix was created by covalently coupling DNase 1 to the commercially avalible 

matrix Affigel-10 (Biorad) (Ref. Materials & Methods). Affinity chromatography is 

based on the specific physical interactions of two molecules. Therefore, molecules can be 

separated from a mixture by expoliting their individual interactions.

A number of studies have exploited this specific 1:1 interaction using DNase 1 

affinity columns as part of a purification procedure for isolating actin from nonmuscle 

cells and low eukaryotes such as yeast (Frenkel et al., 1990; Haarer et al., 1990; Kron et 

al., 1992; Schaefer et al., 1998). Actin purified in this manner yields biochemically 

significant quantities, for example Hareer and colleagues isolated 1-2 mg from 3 L of yeast 

culture and Schaefer et al., 1998, extracted 3 mg from 200 g of chicken brain, about 2 mg o f  

erythrocyte actin from 6 L of blood and 1 mg from 8 g of embryonic chick brain. These 

amounts are sufficient for a number of biochemical assays, such as kinetic studies o f  

binding interactions (Schaefer et al., 1996). The purified actin is homogeneous and 

assembly competent. With regards to the development of a purification strategy for the



45 kDa muskelin-binding protein, the aim is to remove as much actin as possible and 

reduce the complexity of the fractions before or after the ion exchange step.

The aim of the experiments described in this chapter was to develop a system that will 

provide a suitable amount of the 45 kDa muskelin-binding protein in a pure form for 

microsequencing analysis.



6:2 Results

C a n  t h e  4 5 k D a  p r o t e i n  b e  s e e n  a s  a  d i s t i n c t  s p o t  o n  a  s i l v e r  s t a i n e d  g e l ?

In order to obtain amino acid sequence for the 45 kDa muskelin binding protein a 

minimum of 100 ng of protein must be used, the equivalent to a single spot on a silver 

stained gel. As the protein appeared to be more concentrated in Triton X-100 soluble 

fractions, 50 |ll of soluble lysate, equivalent to 100 |Lig of protein, was resolved using 

isoselectric focusing gels in the first dimension and 10% SDS PAGE gels, under reducing 

conditions, in the second dimension (Ref. Materials & Methods). 2D gels were used 

based on the observations made in Chapter 5 that the 45 kDa muskelin-binding 

proteinappeared as a distinct spot with a pi of 6.0 in muskelin overlays (Fig. 6i & Fig 

4xxi). Gels were stained using a silver stain kit ( Protostain™, National Diagnostics; Ref. 

Materials & Methods). The 45 kDa protein was not visible on a silver stained gel (Fig. 

6ii) indicating that it was less than 0.1% of the total protein in the Triton X-100 lysate. 

Its position was estimated to lie close to several proteins with similar p i’s as marked by 

the arrow in Fig. 6ii. Clearly, 45 kDa needed to be enriched within the sample and 

separated from the surrounding proteins.

E n r ic h m e n t  o f  t h e  4 5 k D a  p r o t e in  u s in g  io n  e x c h a n g e  c h r o m a t o g r a p h y

Ion exchange chromatography was chosen as a first step to enrich for the 45 kDa 

muskelin-binding protein and remove contaminating proteins. The choice of column and 

buffers was made based on the pi value of the 45 kDa. Its pi was 6.0 therefore either a 

weak or strong ion exchange column could be used. For enrichment, the pH of the starting 

buffer must be within 1 pH unit of the pi value of the protein of interest. Therefore, 

buffers used with the cation exchange columns were at pH 5.0 and those used in 

conjunction with anion exchangers were at pH 7.0. Cells were lysed with 1% Triton X- 

100 in the appropriate starting buffer and a maximum of 50 mg of protein was applied to 

a 1 ml HiTrap (Pharmacia ) ion exchange column (Fig. 6iii). These columns have the 

capacity to bind 50 mg/ml (ref Materials & Methods). Bound protein was eluted in a 

stepwise fashion by increasing concentrations of sodium chloride. Samples were saved
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-W A SH  (at a rate o f 4mls/min)

1 Start Buffer

2 Elution buffer (starting buffer plus 1M NaCl)

3 Start buffer (check flow through has pH=starting pH)

SAMPLE APPLICATION

Apply up to 50mg o f protein at a rate o f 1 ml/min 

and collect flow through

WASH

Start buffer (collect flow through)

ELUTE

1 250mM NaCl (collect eluant)

2 500mM NaCl (collect eluant)

3 750mM NaCl (collect eluant)

4 1M NaCl (collect eluant)

REGENERATION

1 Elution buffer (1M NaCl)

2 Start buffer & check pH

Fig. 6 Hi A sum m ary o f  the different stages o f  ion exchange 

chromatography.



for gel analysis and Bradford assays before concentrating the protein from collected 

fractions using 2.5 vols of acetone and Centricon columns (Ref. Materials & Methods).

The starting buffer used for both the strong and weak cation exchangers was 50 

mM Acetic acid, 10 mM sodium chloride at pH 5.0. Although the columns have the 

capacity to bind 50 mg/ml, for the first test column 5 mgs of Triton X-100 soluble 

fraction from C2C12 cells was applied to an equilibrated strong cation exchange column at 

a flow rate of lml/min. The flow through was collected and the column washed before 

eluting with a salt gradient of 250 mM-500 mM-750 mM-1 M sodium chloride, in a 

stepwise fashion. Concentrated and unconcentrated fractions were assayed for the 

presence of 45 kDa by gel overlays with in vitro translated muskelin (ref. Materials & 

Methods). The 45 kDa protein was not detected in the fractions eluted from the column 

suggesting that 45 kDa did not bind (results not shown). The procedure was repeated for 

the weak cation exchange column using 40-50 mg of protein and the same sodium chloride 

gradient. Again muskelin overlays of fractions demonstrated that the 45 kDa protein did 

not bind to the weak cation exchanger (Fig. 6iv). Evidently, neither the strong or weak 

cation exchangers were suitable for binding of 45 kDa.

Both the strong and weak anion exchange columns used the following starting 

buffer, 20 mM Bis Tris propane, 10 mM sodium chloride at pH 7.0. 10 mg of protein 

from soluble C2C12 detergent fractions were applied to either column and bound protein 

was eluted for analysis after concentrating with acetone as before. The results obtained 

using the weak anion exchange column (Fig. 6v) demonstrate that 45 kDa did bind to the 

column, although some was present in the flow through. Its presence in several fractions 

rather then one fraction suggests that 45 kDa dissociates from the weak anion column over 

a range of ionic strength. Thus although binding was achieved, the enrichment provided 

by the column was not great. The strong anion column (Fig. 6vi) demonstrated binding of 

45kDa with no loss in the flow through or wash. 45 kDa was eluted by 500 mM sodium 

chloride in a fraction with a protein concentration of 0.7 mg/ml as determined by the 

Bradford assay (Table 6a) (Ref. Materials & Methods). Evidently 45 kDa binds 

preferentially to anion exchange columns and its binding and separation is more stable
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F r a c t io n C o n c e n t r a t io n  (m g /m l) Y ie l d  (m g )

1 0 .65 1.95

2 0 .3 0 3 .0

3 0 .8 0 4 .0

*4 0 .7 0 3.5

5 0.20 1

6 0.10 0.5

TkbLe6a Estimated the protein concentration and yields of fractions collected from 

a strong anion exchange column after loading lOmgs of total protein. Concentration and 

yield were calculated using a Bradford assay and BSA as a protein standard. The asterix 

sample (*) indicates the fraction eluting 45kDa which contains 3.5mgs of protein.



when using a strong anion column. Therefore, the strong anion HiTrap column was used 

for all subsequent experiments.

O p t im is a t io n  o f  io n  e x c h a n g e  c o n d i t i o n s  t o  p r o m o t e  e n r i c h m e n t  a n d  

ISOLATION OF 45kDa

Having identified a column suitable for 45 kDa, the next step was to determine if 

the fractionation could be maximised by altering the sodium chloride gradient. For 

maximum isolation and enrichment, the starting ionic strength must be high enough to 

prevent binding of contaminants without affecting 45 kDa binding. A high starting ionic 

strength will reduce the total proteins binding to the column and might thereby improve 

enrichment of the 45 kDa. Separation was performed as before using 20-30 mgs of 

C2C12 extract and eluting with a gradient from 100 mM sodium chloride to 750 mM 

maximum. The overlay pattern was not so well defined, (Fig. 6vii) most of the 45 kDa 

protein appeared lost in the flow through (lane 2) and wash (lane 3). But, there was 

possibly some eluting at 300 mM and 400 mM sodium chloride (lanes 6 & 7). It was also 

observed that the muskelin binding protein doublet (50-52kDa) could be detected eluting 

at 300mM of sodium chloride (lane 6). The protein concentrations of the 300mM and 

400mM fractions, as determined by a Bradford assay, are presented in Table 6b. 

Fractions containing the 45 kDa binding protein (Fig. 6vii Lanes 5 & 6) contained 6.21 mg 

of protein eluted from the column which bound in total 15.81 mg. Fractions were also 

analysed by SDS PAGE gels under reducing conditions to determine the complexity of 

each fraction by silver staining of the protein gels (ref. Materials & Methods). The 300 

mM and 400 mM NaCl fractions still contained a complex mixture of proteins with a high 

amount of protein migrating with a similar molecular weight to the 45 kDa muskelin- 

binding protein (Fig. 6viii lanes 7 & 8).

These two fractions were combined and analysed using a 2D gel approach. In the 

first dimension two samples (20 |ig and 80 jug total protein respectively) were separated 

according to their pi value using preparatory scale Immobiline dry strip gels from 

Pharmacia. These strips have a preformed linear pH gradient of 4-7 in a homogeneous 

polyacrylamide gel on plastic backing with a loading capacity of 250 mg. After
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T\%
F r a c t io n C o n c e n t r a t io n  (m g /m l) Y ie l d  (m g )

1 2.04 26.56

2 0.4 4

3 0.28 1.4

4 1.4 7

*5 0.76 3.81

*6 0.48 2.4

7 0.2 1

8 0.04 0.2

"Tati® . (,b Estimated protein concentration and yields of fractions collecteed from a 

strong anion exchange column after loading 40-45mgs of total protein. Concentration and 

yield swere calculated using a Bradford assay and BSA as a protein standard. The asterix 

samples (*) indicate the fractions which were combined for 2D IEF/SDS PAGE gel 

analysis. The 45kDa protein was eluted in fractions 5 and 6 which together contained 

6.21 mg of protein.
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rehydrating overnight in the appropriate IPG-buffer plus samples the gels were set to run 

on a flatbed gel tank. Voltage gradually increased from 50 to 2000 V over 5 hrs. so 

resistance also increased, then maintained a constant 2000 V overnight. Current started 

off at 0.5 amps gradually falling overnight to zero due to increasing resistance (Ref. 

Materials & Methods). Both gels were overlaid onto vertical SDS-PAGE gels for 

separation in the second dimension (ref. Materials and Methods).

The gel containing 80 |iig of protein was prepared for gel overlay analysis with in 

vitro translated muskelin as described in Materials and Methods. The 45 kDa protein 

was detected as a distinct spot migrating at a pi of approximately 6.0 (Fig. 6ix). The 

second gel was stained with silver to determine the protein distribution and whether the 

45 kDa protein could be detected as a singular spot (Fig. 6x). By overlaying the gel with 

the overlay autorad (6*<), the 45 kDa protein of interest was approximately located in a 

region marked by an arrow in figure 6x. A distinct spot was not visible. Several small 

spots appear clustered within this region marked by an arrow in Fig. 6ix. It was not clear 

whether this is because the 45 kDa protein is still not concentrated enough to be detected 

in a silver stain, or that it is difficult to identify due to the complex mixture of proteins 

(Fig. 6x). To reduce the complexity and improve the resolution on the gels, I undertook 

an additional purification step designed to remove actin from the fractions.

D e p l e t io n  o f  a c t in  u s in g  d n a s e  1 a f f in it y  c o l u m n s

The DNAse 1 affinity matrix was prepared as described in Materials and 

Methods. The affinity column was equilibrated with 5 mis of 20 mM Bis/Tris propane. 

10 mM NaCL, 0.2 mM ATP, 0.005% sodium azide. For the initial experiment 0.5 ml 

column was loaded with 1 mg of Triton X-100 soluble extract from C2C12 and incubated 

on ice for 30 mins with occasional swirling. The flow through was then collected and the 

column washed with 2-3 mis of equilibration buffer. Adsorbed actin was eluted using 2 

mis of 50% formamide in equilibration buffer. Western blots of the collected fractions, 

which had been separated on 12.5% SDS-PAGE gels under reducing conditions, were 

probed for actin using a anti-actin monoclonal (Fig. 6xi). The results demonstrate that 

actin was depleted from the extract (Lane 2) and that actin was absorbed by the affinity
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1 2  3 4

(xii)

Actin

1 2 3 4 5 6 7

Fig.bxi & xii Western blot analysis o f fractions eluted from a DNase 1 affinity column. 

In both panels, (xi) & (xii): (1), sample; (2), flow through; (3), wash; (4), eluted actin; (5) 

second flow through; (6), second wash; and (7), second actin elution; and m olecular mass 

markers in kDa. (») Samples from initial column after one run. (xfi) Repeat experiment, where 

sam ples were run over the affinity column twice. Fractions were probed for actin and 

dem onstrate that actin can be depleted from the Triton X-100 soluble fraction by DNase 1 

affinity chromatography.



column (Lane 4). However, actin is still present at significant levels. Therefore a number 

of modifications to the procedure were made: (1), the incubation period was increased 

from 30 to 60 mins; (2), the experiment was performed at 4°C rather then on ice; and (3). 

the initial flow through was passed over the column twice. Figure 6xii displays the results 

of a modified experiment where about 7.9 mgs of soluble detergent extract was incubated 

with the affinity matrix for 60 mins at 4°C. The results demonstrate that actin is depleted, 

in both rounds of the experiment (Lanes 2 & 5 ), from the sample although actin is still 

present (Lane 5).



6:3 D i s c u s s i o n

The aim of the studies described in this chapter was to develop a strategy for 

enrichment of the 45 kDa muskelin-binding protein from Triton X-100 soluble extracts 

fromC2C12. The procedures chosen were based on the physical properties attributed to 

the unidentified protein. As mentioned a minimum of 100 ng of pure protein is required 

for efficient amino acid sequence analysis. Two dimensional (2D) IEF/SDS-PAGE gel 

separation and silver staining revealed that the 45 kDa protein was below this threshold in 

whole cell extracts from the amount of protein loaded, this indicates that the 45 kDa 

protein makes up less than 0.1% of the total protein in a cell extract Therefore, at least 

one enrichment step was required before 2D separation. I tested a series of ion exchange 

columns, and 45 kDa was found to bind stably to the strong anion exchange column and 

elute at a sodium chloride concentration between 300 mM to 500 mM.

Silver staining of fractions separated by SDS-PAGE gel analysis indicated that the 

fractions of interest still contained a complex protein mixture including actin which 

comigrated with the 45 kDa protein. Silver stained two-dimensional IEF/SDS-PAGE gels 

also indicated that either the 45 kDa protein was not concentrated enough to be seen as a 

silver stained spot or that the binding protein was masked by proteins of similar pi. 

Evidently the complexity of these fractions needs to be reduced. It would also be useful 

to deplete actin from the starting material.

I have taken steps to develop procedures for a large scale isolation of the 45kDa 

protein, but have not had time to carry this through to purification of the protein.

DNase 1 affinity columns were used to specifically adsorb actin and so reduce the 

levels of G-actin in the Triton X-100 soluble extracts. The system exploited the highly 

specific interaction between G-actin and the endonuclease, DNase 1 (Lazarides el al.. 

1974; Mannherz et al., 1975; Sakabe et al., 1983; Ajatai & Venyaminov 1983; Boyer el 

al., 1985). Western blot analysis of the fractions demonstrated depletion of actin from 

the Triton X-100 soluble fraction. However, a significant amount of actin was still 

present indicating that the procedure requires optimisation. It may prove to be more 

beneficial to insert this step after fractionation by ion exchange to reduce the complexity



of the eluant containing the 45 kDa binding protein as determined by muskelin gel overlay 

analysis.

Fractionation by ion exchange chromatography can also be improved by 

determining the optimal ion concentration for the starting buffer and elution buffer. B y 

narrowing the gradient, this helps maximise the binding of 45kDa and minimises the 

binding of contaminants such as actin. In the intial experiments the complexity of the 

fractions suggested that too many proteins are binding to the columns thus reducing 

available sites for interactions of the 45 kDa protein. By altering and optimising 

conditions for the binding of the 45 kDa protein enrichment and yield should be 

improved. Increasing the scale of the experiments is also necessary to obtain sufficient 

yield of the 45 kDa binding protein. The 1 ml HiTRAP columns used in the initial 

experiments have a binding capacity of 50 mg. By using 5 ml columns with a binding 

capacity of 50 mg/ml, the maximum total protein that can be loaded can be increased to 

250 mg. Likewise, preparatory scale Immobiline stripsfor IEF can be loaded with a 

maximum of 250 mg. The resolution of the 2D IEF/SDS-PAGE separation will also be 

further improved if the complexity of the samples loaded is reduced.

Should problems relating to purity and resolution still remain once these steps 

have been fully optimised, then a fourth purification step, gel filtration chromatography, 

could be included before final separation by 2D IEF/SDS-PAGE gels. Gel filtration 

separates molecules according to their size as the mixture passes through the matrix. The 

size of the molecule fractionated correlates with the pore size of the matrix which is 

tightly controlled. The matrix needs to be chemically and physically stable and inert to 

prevent it from interacting with the sample molecules.

To detect the 45 kDa protein on silver stain gels I need to achieve at least a ten 

fold, and possibly a 1,000 fold increase in its concentration, as it currently accounts for 

less then 0.1% of the total protein content of the Triton X-100 soluble extracts from 

C2C12 cells. Once the 45 kDa protein can be detected by silver stain as a single spot, it 

can be transfered to PVDF membrane and processed for amino acid sequencing analysis.



Subsequently any sequence obtained can be used to screen protein databases for identities 

or homologies which would establish the identity of the 45 kDa muskelin-binding protein.
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CHAPTER 7

DISCUSSION

The aim of this thesis project was to identify the molecular interactions and 

localisation of the novel intracellular protein, muskelin. To approach this problem, I have 

used a combination of approaches including the yeast dihybrid system, pharmacological 

agents and gel overlay assays to characterise binding interactions and intracellular 

molecules which may alter the localisation of muskelin. As I have described in the Results 

Chapters, the experiments have provided new information on the direct binding 

interactions of muskelin. In this Chapter I will summarize the major results and 

conclusions of this work and then discuss how this work could be taken further. I also 

discuss the implications of this work in developing an understanding of the effects of 

TSP-1 matrix adhesion on cell physiology.

Y e a s t  d ih y b r id  s c r e e n

The yeast two hybrid system was used to identify the molecular interactions of 

muskelin. Expression of full length muskelin within yeast was unstable and toxic. By 

removing the carboxy region from full length muskelin the toxicity was reduced and 

stability of protein expression restored. The performance of the system, as discussed in 

Chapter 3, could be improved by screening the same library or alternative expression 

libraries with a range of fragments from muskelin. Advances in two hybrid technology 

may also help, for example the development of a Dihybrid system in mammalian cells 

would help overcome problems of expressing the full length bait protein. Using protein 

fragments could help reduce toxicity and also help define the exact binding regions should 

an interaction be identified.

C h a r a c t e r is t a t io n  o f  m u s k e l in  b in d in g  p r o t e in s

Muskelin gel overlay analysis was used to identify and characterise muskelin 

binding-proteins in extracts from a panel of cell lines. In vitro translated muskelin 

overlays of a panel of cell lines identified 5 muskelin binding proteins that migrated with 

molecular weights of 45 kDa, 50-52 kDa and 55-57 kDa. The failure of in vitro translated 

firefly luciferase to interact with cellular proteins, loss of muskelin binding by treatment



with SDS and use of truncated and antisense muskelin cDNA in the translations provided 

evidence for the specificity of muskelin’s interactions. In addition, I was able to 

demonstrate the specific interaction of fascin with actin using the same technique. 

Coomassie stained protein gels demonstrated that the muskelin-binding proteins are not 

the most abundant proteins. Their presence in a range of cell lines reflects both theirs and 

muskelin’s wide expression. In terms of the biology of the interaction, I found that the 

interactions persist after terminal differentiation of myoblasts into myotubes.

A number of cytoskeletal proteins, fascin, actin and tubulin were investigated as 

potential muskelin binding proteins because of the similarity in their molecular weights 

with the unknown proteins and because of the known interactions of certain kelch motif 

proteins with actin. Fascin did not bind to endogenous muskelin in fascin overlays and 

muskelin failed to bind to unlabelled in vitro translated fascin. Based on several 

independent criteria, actin was discounted as the 45 kDa binding partner for muskelin. 

First, because of differences in the pi value of actin compared to the 45 kDa protein. 

Actin migrated with a pi of 5.4-5.7 in 2D gel analysis but the 45 kDa protein was 

detected as a distinct spot migrating with a pi of 6.0 by muskelin overlays. Secondly, 

muskelin also failed to bind to purified skeletal G-actin samples of up to 50 pg, in excess 

of amounts present in C2C12 extracts. Interactions with F-actin were investigated by 

cosedimentation. Although actin polymerisation was not optimal it was enough to 

demonstrate that muskelin does not interact directly with F-actin.

Tubulin was a candidate for the 50-52 kDa protein doublet. Muskelin failed to 

bind to purified bovine brain tubulin, a mix of a  and p tubulin isoforms, in excess of the 

amounts found in C2C12 cells. Specific immunoprecipitation of tubulin from C2C12 cells 

could be achieved using a combination of monoclonal antibodies directed against both 

tubulin isoforms. However, the background with these antibodies was too high to detect 

specific coprecipitation of muskelin with tubulin. Evidently the conditions need to be 

further optimised to reduce nonspecific precipitation. Although no interaction was 

demonstrated between tubulin and muskelin this does not rule out a potential interaction 

with microtubules. Initially muskelin was demonstrated to cosediment with microtubules. 

More rigorous testing was attempted, by observing if muskelin sedimentation persisted



after three cycles of microtubule polymerisation and depolymerisation. The microtubles 

were found to cycle twice and muskelin was detected but at reduced levels. Some 

muskelin could be pelleted in the absence of microtubules, suggesting the possibility that 

muskelin molecules can undergo self aggregation, but I did not investigate this further.

I so l a t io n  a n d  p u r if ic a t io n  o f  4 5 kD a  m u s k e l in - b in d in g  p r o t e in

The most prominent interaction that I detect in the ID gel overlay analysis is with 

a 45 kDa protein. 45 kDa was chosen as the protein we would seek to purify from 

C2C12 cells based on: (a), the apparent abundance or strength of interaction; (b), its 

persistence after terminal differentiation; and (d), the widespread expression of the 45 

kDa protein in a number of cell lines. I began to develop a multistep procedure of 

purification in order to purify sufficient quantities for amino acid sequencing. A minimum 

of lOOng is required, the equivalent to a silver stain spot. 2D gel analysis demonstrates 

that 45kDa is below this level of detection. To enrich for 45kDa in soluble Triton X-100 

fractions an ion exchange step was included. The strategy revealed that 45kDa bound 

reversibly to a strong anionic exchanger and eluted at a sodium chloride concentration of 

300-500 mM. A number of proteins that migrate with similar pi values, including actin. 

were also found to enrich within the same fractions. As a result they interfered with the 

resolution of 2D gels making it difficult to identify 45kDa. To improve resolution and 

reduce the number of contaminants a third step was added which exploits the high affinity 

binding between DNAse 1 and G-actin. DNAse 1 affinity columns were prepared for 

depletion of actin from C2C12 detergent extracts prior to the ion exchange step. This 

should enhance the separation of 45 kDa on the ion exchange column and may provide 

sufficient enrichment to detect 45 kDa on a silver stained 2D IEF/SDS-PAGE gel.

P o s s ib l e  f u t u r e  e x p e r im e n t a l  s t r a t e g y  a n d  a im s

The main focus of future experiments is to identify and characterise the 45 kDa 

muskelin-binding protein. Currently the strategy involves three steps: (1) depletion of 

actin by DNAse 1 affinity columns; (2), enrichment of 45kDa using ion exchange 

chromatography; and (3), separation by 2D gel electrophoresis. Optimisation of steps (1) 

and (2) will reduce the complexity of the fractions and improve the resolution of the 2D 

IEF/SDS PAGE gels. As yet it is not clear whether it would be more suitable to include



step (1) before or after ion exchange. Optimisation of the ion concentrations of the start 

and elution buffer will also improve the enrichment of 45 kDa as it will ensure that the 

predominant protein absorbed by the exchange column is the protein of interest. Scaling 

up from the 1ml test columns, which have a maximum binding capacity of 50 mg, to the 

larger 5ml anion exchanger will again increase the amount of 45kDa which may be isolated 

in the fractions. Should problems regarding purity and resolution still exist gel filtration 

chromatography could be considered as a fourth purification step before final separation 

using 2D gels.

Another area of particular interest is the possible posttranslational modification of 

the 45 kDa muskelin-binding protein during terminal differentiation of myoblasts to 

myotubes. If an acidic shift in IEF gel mobility of the 45 kDa protein is confirmed in 2D 

IEF/SDS-PAGE gel analysis of extracts from C2C12 and G8 myoblasts undergoing 

terminal differentiation, then it maybe attributed to posttranslational phosphorylation or 

acetylation. Immunological techniques could then be employed to determine if the 45 kDa 

binding protein is phosphorylated, by use of phospho-amino acid specific antibodies on 

the blots Phosphatase treatment of myotubes would remove any phosphate groups 

associated with 45kDa and this could be detected by a shift in its gel mobility in 2D 

IEF/SDS PAGE gels. Acetylation targets lysine residues and is determined by high 

performance liquid chromatography (HPLC). Covalent modifications are often 

functionally important to a protein. For example, autophosphorylation of FAK enables it 

to bind and phosphorylate other proteins, for example paxillin and src kinases 

(Introduction-section 1:3). Thus it is possible that the posttranslational modifications of 

the 45 kDa protein might strengthen its binding to muskelin.

Identifying the muskelin binding proteins is central to advancing our knowledge of 

role of muskelin within the cell. Purification of the 45 kDa protein is the first step, but 

the identification of the other muskelin-binding proteins will also be an important future 

goal. From the ion exchange studies we observed that the protein doublet migrating at 

about 50-52kDa was enriched on the strong anion exchange column eluting with 300 m M 

sodium chloride. Evidently this may require a similar strategy of purification as 45 kDa.



Manipulating the binding interactions observed in the gel overlay assays may 

provide further characterisation of the interactions. Point mutations within conserved 

regions of muskelin, such as the kelch motifs might help define protein binding regions or 

whether the tertiary structure of muskelin is essentail to muskelin binding interactions

Alternatively, the identity of the muskelin binding proteins could be achieved by 

adapting a method described in Current Protocols (*****) for immunoscreening a Lambda 

g tll expression library with antibodies. In place of an antibody, in vitro translated full 

length muskelin could be used to overlay Lambda library plaques for recombinant fusion 

proteins that interact with muskelin. Such an approach may also identify other potential 

interactions. Lambda phage is a temperate phage able to grow lytically or lysogenically in 

its bacterial host. Infection of bacteria involves injection of phage DNA into the host cell. 

In lytic growth, the phage genome replicates and is packaged into new phage particles that 

result in lysis of the bacterial host and release of phage progeny. During lysogenic growth 

the phage DNA integrates and replicates with the host DNA. Under certain conditions, 

such as damage to the host cell, the phage DNA is released from the host chromosome and 

undergoes lytic growth.

According to the basic method, a cDNA clone from a lambda library would be 

identified by the protein produced after infection of the bacteria. Lambda library phage 

are transferred and plated with a suitable bacterial host and left for 8-12 hrs of lytic 

growth before transferring to nitrocellulose filters. The proteins expresses are transferred 

to nitrocellulose filters during phage growth, enabling them to be probed with antibodies 

or in vitro translated muskelin after the filters have been prepared. To increase the 

amount of recombinant protein within each plaque, protein expression can be linked to the 

lac z promoter as fusions with p-galactosidase. Induction of the promoter and subsequent 

expression of p-galactosidase-cDNA fusion proteins is achieved by using nitrocellulose 

filters soaked in the inducer, IPTG. Library screen filters would be prepared for muskelin 

screening in the same way as described for protein blot overlays (Ref. Materials & 

Methods). Filters would be washed initially with buffer A (lOmM Hepes pH7.5, 60mM 

KC1, ImM EDTA, ImM p-mercaptoethanol). Plaque proteins would then be denatured 

and renatured by incubating for lOmins each time with decreasing concentrations of



guanidine-HCl (6M to 0). Nonspecific interactions would be prevented by blocking with 

5% then 1% Marvel non fat milk in buffer A plus 0.5% NP-40 for a minimum of 2hrs. A 

pl50 sized filter could be probed for 12hrs at 4°C with a whole in vitro translation 

reaction (50|ll) diluted in 5mls of buffer A. Positive plaques would be identified by 

autoradiography. Isolation of the plaque and rescreening would allow a clonal isolate of 

the cDNA to be made. Phage DNA would then be prepared and the cDNA insert 

sequenced for identification and further characterisation.

The protein gel overlays indicate that muskelin appears to have multiple partners, 

which suggests it may form a complex in intact cells. To investigate this possibility cell 

extracts could be analysed using non denaturing gels which separate protein mixtures by a 

number of factors such as size, charge and shape as they migrate through the 

polyacrylamide matrix. In denaturing gels the proteins are separated according to 

molecular weight. Solubilisation in SDS provides a uniform charge and reduction by 

addition of DTT or P-mercaptoethanol breaks down the proteins into their component 

subunits, removing disulphide bonds. Western blots of protein gels run under denaturing 

and non denaturing conditions could be probed for muskelin, using the JOD2 R1 antibody 

(Adams et al., 1998), and differences in molecular sizes would indicate whether muskelin 

is associated with a multiprotein complex.

Large immunoprecipitation of muskelin from cell extracts would provide an 

alternative approach to identifying proteins coprecipitating with muskelin. It would also 

provide a means of confirming the overlay assay results using an in vivo approach. 

Currently there is one antibody capable of providing specific immunoprecipitation of 

muskelin and subsequent copprecipitation of associated proteins.

I m p l ic a t io n s  f o r  t h e  r o l e  o f  m u s k e l in  in  a d h e s io n

Adams et al., 1998, provide functional evidence which suggests that muskelin acts 

at a point of intersection between adhesion complex formation and cytoskeletal 

rearrangement, and is therefore capable of modulating adhesive responses to TSP-1. 

Muskelin is predominantly located within soluble detergent fractions of C2C12 cells and 

is diffusely distributed in myoblasts adherent to TSP-1 and fibronectin (Adams et a!.. 

1998). There is some overlap with F-actin structures in the cell cortex which occurs



predominantly in cells plated on TSP-1 (Adams et al., 1998). The effects of muskelin 

overexpression and depletion from C2C12 cells are visible in the context of TSP-1 

adhesion. This information indicates that muskelin is not a structural component but is 

adjunct to the cytoskeleton. According to these assays the effects are specifically 

associated with TSP-1 adhesion (Adams et al., 1998). To understand these effects, 

broader information on the binding interactions of muskelin is needed. The identification 

of 5 binding proteins by gel overlay indicates that muskelin has multiple partners. 

Therefore its interactions and effects could be coordinated through the formation of a 

complex. It can be speculated that this may promote the recruitment and concentration of 

a variety of molecules that influence cytoskeletal organisation and cell spreading. 

Muskelin’s distribution does not distinguish whether such a complex would be directly 

associated with the cytoskeleton, or with the cytoplasmic domains of cell surface 

receptors. However it might be expected that any such interactions are highly dynamic 

and transitory and would be regulated accordingly to the matrix enviroment of cells.

How does muskelin fit into the global view of cell adhesion? It is evident from a 

number of studies that TSP-1 initiates distinct signalling pathways independent from 

integrin mediated signals Only in the last few years has information on the pathways 

involved been published (Ref. Introduction-Sections 1:2; 1:3 and 1:4).. Attachment to 

TSP-1 is highly complexed and involves cooperative interactions between multiple 

domains of TSP-1 and a range of different cell surface receptors. These include CD36 

(Asch et al., 1992); av(33 (Lawler et al., 1988); allb(33 (Lawler & Hynes 1993); Syndecan 

1 (Sun et al., 1989); and IAP/CD47 (Gao et al., 1996a). Soluble TSP-1 disrupts focal 

contacts of attached cells leaving residual sites in the cell periphery only (Murphy-Ullrich 

et al., 1989). The effects are mediated by TSP-1’s heparin binding domain via an 

intracellular pathway dependent on cGMP dependent kinase (PKG) and 

phosphoinositide 3-kinase (PI 3-Kinase) (Murphy-Ullrich et al., 1993; 1996; Greenwood 

et al., 1998). Endothelial cell adhesion and spreading on vitronectin is mediated by the 

av|33 integrin and modulated by soluble TSP-1 (Gao et al., 1996b). Increased spreading is 

induced by soluble TSP-1 binding to CD47 along a pertussis toxin sensitive G-protein 

pathway, upstream of a common PKC and PI 3 kinase pathway which are generically 

involved in cell spreading (Gao et al. 1996b).



Myoblast adhesion to TSP-1 promotes formation of fascin-actin microspikes and 

actin microfilament formation (Adams & Lawler 1994; Adams 1995; 1997). These events 

are mediated by receptor clusters at the cell surface. Experiments using xylosides, 

gylcosaminoglycans and GRGDSE peptides have implicated proteoglycans and tend to 

discount integrin mediated events. These specific responses are also seen when cells 

adhere to a C-terminal fusion protein containing the cell binding domain (CBD) which 

supports adhesion through IAP/CD47 (Gao & Frazier 1994; Gao et al., 1996a) and an 

80/105kDa protein (Yabkowitz & Dixit 1991). Recently, Guo and colleagues (1998) have 

demonstrated the diverse effects elicited by different domains of TSP-1 on cell behaviour. 

The chemotactic effects of TSP-1 on melanoma cells involves multiple domains, the type 

1 repeats, type 3 repeats, procollagen homology domain and the CD47 binding region of 

the carboxy terminus of TSP-1. When used individually the procollagen homology and 

CD47 binding domains induced chemotaxis of cells via a pertussis toxin sensitive G- 

protein pathway. Chemotactic responses to the type 1 and type 3 repeats were not 

sensitive to pertussis toxin (Guo et al., 1998). Cells treated with pertussis toxin still 

presented some residual chemotaxis in response to intact TSP-1 possibly because of 

alternative pathways associated with the typel and type3 repeats (Guo et al., 1998).

Evidently, the diversity of mechanisms in different cells reflects the type of 

receptors and TSP-1 domains involved in the interactions. The identification of muskelin 

as a molecule involved in myoblast adhesion to TSP-1 was an important step. It is the 

first molecule to be identified that has not been associated with integrin mediated 

pathways before. This emphasises the notion of TSP-1 eliciting distinctive signal 

pathways other then integrin mediated cascades. The wide tissue expression of muskelin 

and the detection of muskelin-binding proteins in a number of different cell lines suggests 

that its role is not restricted to a specific cell type but is more widespread. Currently the 

effects of muskelin have been observed in the context of adhesion on TSP-1, as its 

overexpression in cells plated on laminin or fibronectin demonstrates no increase in 

adhesion or drastic changes in cytoskeletal organisation (Adams et al., 1998).

Another adhesion modulating ECM protein, Tenascin C, also promotes the 

adhesion and spreading of myoblasts. The extent of spreading is not to the same degree as 

on TSP-1, but there are similarities in cytoskeletal organisation. There are no focal



contacts yet the irregular spread cells contain fascin/actin micospikes (Fischer el al.. 

1997). Soluble tenascin C can modulate adhesion of COS, C2C12 and MG63 cells to a 

fibronectin substratum by reducing attachment and the organisation of actin into 

microfilaments (Fischer et al., 1997). Cortical membrane ruffles with residual attachment 

points containing filamentous actin and fascin are formed. This suggests that similar 

biochemical processes are occurring in adhesion to TSP-1 and tenascin C, involving 

changes in the cortical cytoskeleton (Fischer et al., 1997). Maybe muskelin is also 

involved in tenascin mediated pathways, modulating similar biochemical events that affect 

adhesion complex assembly and cytoskeletal organisation.

In conclusion, I have obtained evidence that muskelin interacts with 5 proteins. 11 

is possible that these may together form a complex that mediates muskelin’s modulation 

of cell adhesion and cytoskeletal organisation in response to TSP-1. Establishing the 

identity of the 45 kDa protein and muskelin’s other binding partners is needed to provide 

further insight into muskelin’s functional role. From a more general view, studying 

muskelin provides access to alternative non integrin molecular pathways that integrate 

information from a cells ECM environment and modulate behaviour.
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