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Abstract

Muskelin is an intracellular, kelch-repeat protein that is functionally involved in
cell spreading on thrombospondin-1. The aim of this thesis project was to
investigate the role of muskelin domains in the subcellular distribution and the
regulation of the protein using cellular, biochemical, and. bioinformatic
approaches.

Using bioinformatics to compare muskelin orthologues from Mus musculus,
Homo sapiens, Rattus norvegicus, Danio rerio, Drosophila melanogaster, and
Anopheles gambiae, highly conserved regions within muskelin were identified,
with the combination of a discoidin domain, a LisH motif, a C-terminal to LisH
motif, and six kelch repeats. A further bioinformatic analysis of the kelch repeat
proteins in whole genomes from Homo sapiens, Drosophila melanogaster, and
Anopheles gambiae, demonstrated that muskelin has a unique molecular
architecture amongst the large family of kelch repeat proteins.

EGFP-tagged forms of muskelin were prepared and used to study its cellular
localisation and to explore p ossible regulatory m ech;anisms. EGFP-MK had a
cytoplasmic distribution and also formed mobile, granular inclusion bodies in
25% of the transfected cells. Formation of the inclusion bodies was a specific
property of EGFP-wild-type muskelin, because EGFP alone or EGFP-muskelin
mutated at key residues within kelch repeat 4 (Y488A/V495A or G474S/G475S)
or mutations in the discoidin domain (K132A/I133A/V134A) were e quivalently
expressed yet had a uniformly diffuse distribution. Because of the complex
domain structure of muskelin, a rational view of domain boundaries has proven
essential for successful expression of truncated forms. Truncated forms
composed of the discoidin or the kelch repeats alone did not form inclusion
bodies. In biochemical pull-down assays, muskelin was found to self-associate

3



by a mechanism dependent on both the discoidin domain and the fourth kelch
repeat. Mutations in kelch repeat 4 altered the sensitivity to limited proteolysis
by proteinase K, suggesting that the protein conformation is altered. To begin
to explore physiological factors that regulate the formation of inclusion bodies,
the possible roles of five putative protein kinase C (PKC) phosphorylation sites
that are conserved between muskelin species orthologues were evaluated in
the cellular and biochemical assays. Activation of PKC decreased the formation
of the inclusion bodies and resulted in phosphorylation of muskelin. Using a
site-directed mutagenesis approach, two PKC phosphorylation sites critical for
this activity were identified. Both of these sites are predicted to lie on the same
face of the B-propeller structure composed by the six kelch-repeats. Together,
these studies have developed new evidence that muskelin is a multidomain

protein with multiple protein-protein interaction sites.
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Introduction

Multicellular organisms require mechanisms for cell adhesion in order to
coordinate tissue organisation and the intercellular communication. In this
chapter, | summarise the current understanding of extracellular communication
with regards to cell-matrix adhesion, and the cellular responses connected to
these processes. The focus of my project has been on muskelin, a member of
the kelch-repeat superfamily of cytoskeletal and cell signalling proteins and |
summarise the current knowledge of the molecular basis and biological

functions of this growing family in relation to inter- and intracellular responses.

Extracellular Matrix Proteins

The ECM is a highly organised three-dimensional network of heterogeneous
macroproteins that provides physical strength and the environmental cues for
cellular and tissue organisation in multicellular organisms. For instance, the
mineralisation of the cartilage ECM proteins, collagen X| and collagen I, in the
bone, provide a mechanical support, whereas the ECM proteins, collagen 1V,
laminins, perlecan, and fibronectin are involved in assembling basement
membranes in order to support polarisation of epithelial cells and contribute to

compartmentation and selective barriers between cells and tissue layers.

The complex meshwork of ECM fibers consists of four main categories of
components, namely collagens, glycoproteins (e.g. fibronectin, tenascin,
thrombospondin, and laminin), proteoglycans (e.g. perlecan, agrin, and
syndecan) and glycosaminoglycans (e.g. chondroitin sulphate, hyaluronate, and
heparan sulphate). These molecules interact with each other and link to cell
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surface receptors by multiple binding regions. Besides the multiple binding
domains, most ECM protein are assembled as multimers, which increases the

affinity or avidity of their binding interactions.

Collagen and Laminin

Collagen and laminin are both composed of three polypeptides. Collagen is the
most abundantly expressed component of the ECM proteins and consists of at
least 21 different members (for recent review see Boot-Handford and Tuckwell,
2003). The three polypeptides are cotranslationaly assembled together either as
homotrimers or as a mixture of two or three distinct a-chains. On the structural
basis, collagens are categorised according to their morphological behaviour in
the ECM, namely as fibril-forming collagens (e.g. types |, II, lll, V and IX), or the
microfilamentous (e.g. type VI), or as network-forming collagens (e.g. type IV,
VIIl, and X). The fibril and filamentous forming collagens assemble into long
tight elastic bundles mainly located in bones and surrounding muscles, whereas
the network-forming collagens assembile into large sheets, which are one of the

main components in the basement membrane.

Laminin is assembled from three subunits (., B, and y) and so far 12 different
laminin heterotrimers, assembled from five a-chains, three p-chains and three y-
chains, have been identified in mammals and two different laminins have been
described in Drosophila melanogaster and Caenorhabditis elegans (Hutter et
al., 2000; Hynes and Zhao, 2000). The ECM proteins collagen 1V, laminin, and
perlecan together assemble into high-order structures that constitute the
basement membrane and are expressed in the early stages of the development

of the embryo (reviewed by Sannes and Wang, 1997). The basement
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membrane is formed as a dense sheet, which supports the epithelium as well
as physically creating a barrier, separating the outer surface of the epithelium
from the underlying mesenchymal cells. Collagen 1V, laminin, and perlecan are
highly conserved among vertebrates and invertebrates and therefore
considered the fundamental components for the early basement membrane (for

reviews see Olsen, 1995; Hynes and Zhao, 2000).

Fibronectin

Fibronectin e xists in solution as a dimer. I n contrast to collagen and |aminin,
fibronectin is expressed from only one gene, but alternative splicing of the
mRNA gives rise to more then 20 different variants of fibronectin (review see
ffrench-Constant C, 1995). Fibronectin consists of three types of domains,
namely fibronectin type |, I, and Ill. These domains are repeated throughout the
molecule and account for approximately 90% of the total sequence. Also, all
three types of fibronectin repeats have been found in other molecules,
suggesting that fibronectin arose from exon shuffling during evolution (Patel et
al., 1987). Intriguingly, fibronectin appears to be missing in the C. elegans and
Drosophila melanogaster genomes, although fibronectin type Il repeats has
been detected in other molecules, including the Drosophila melanogaster
homologue of the vertebrate neural cell adhesion receptor L1, named
neuroglian (Bieber et al., 1989; Hynes and Zhao, 2000). Because its wide
distribution in the ECM throughout life, fibronectin is one of the best-
characterised ECM proteins (for recent review see Pankov and Yamada, 2002).
Fibronectin can interact with heparan sulphate proteoglycans, collagens, fibrin,
and members of the integrin receptor family, as further described in the next

section. In addition to the high abundance of fibronectin in ECM, high
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concentration is also found in the plasma (300 ug/ml) as a soluble, but inactive
form. The transition of soluble, inactive form of fibronectin to matrix assembly is
a cell-dependent process. Initially, monomeric soluble fibronectin binds to the
cell surface via integrins and molecules of large apparent molecular weight
(LAMMs; review see Magnusson and Mosher, 1998). The cell-bound fibronectin
is then converted to multimers by formation of intermolecular disulfide bridges.
The fibronectin matrix assembly is also dependent on cell contractility and
cytoskeletal rearrangements regulated by the signalling pathways downstreams
of the integrins. T he tension created by the cytoskeletal rearrangements and
cell contractility thus exposes the matrix assembling sites within the fibronectin

molecule.

Cell-Substratum Contacts

The initial mechanisms by which the cell adheres to ECM proteins are mainly
mediated by the integrin family of cell-surface receptors and also depends on
transmembrane proteoglycans. Since a lot of the signalling pathways and
recruitment of scaffolding proteins promoted by ECM proteins are general to the
cellular responses to ECM proteins such as fibronectin, collagen, laminin, or
thrombospondin, the main focus on cell-substratum contacts in the field has

been on fibronectin, and will therefore be described here in more detail.

Integrins

The integrin family of cell-surface heterodimeric receptors facilitate the link
between the ECM and the intracellular actin cytoskeleton, and specific integrins
are recruited dependent on the ECM protein. Extensive studies of fibronectin-

integrin interactions have so identified at least 12 different integrin receptors
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involved in fibronectin-mediated cell adhesion, including the classic fibronectin
receptor a5B1 (for recent reviews see Schwartz, 2001; Moiseeva, 2001; Plow et
al., 2000). Fibronectin contains a cell-binding domain in the fibronectin type il
repeat 9 and 10. This domain mediates the interaction to o5p1, in which a
synergy site in repeat 9 interacts with a5 and an RGD sequence in repeat 10
interacts with a5p1 dimer. Several integrins recognise the RGD sequence
including o4p1, ab5p1, aVB1, VB3, aVPS and allbB3, but these receptors can
still discriminate among the RGD-containing ECM proteins. This suggests that
the structural context in which the RGD sequence is presented determines

whether an interaction can occur.

Recently, the crystal structure of the aVB3 extracellular part was resolved alone
(Xiong et al., 2001) and in the presence of the RGD sequence (Xiong et al.,
2002; for review see Giancotti, 2003, Humphries et al., 2003b; Liddington and
Ginsberg, 2002; Shimaoka et al, 2002). The overall structure revealed a
globular “head” composed of the oV and the B3 subunits, and two “leg’-like
extensions connecting the “head” to the cell-surface. But the most important
observation was the mapping of the binding sites for the ECM proteins,
especially the RGD sequence. The crystal structure revealed that a groove is
formed between a B-propeller domain in «V and a von Willebrand factor A
domain in the B3 subunit. This binding pocket is located in close proximity to the
metal-ion-dependent adhesion site, MIDAS. It is speculated that the ECM
protein binds to the synergy site within the B-propeller and folds down into the

RGD-binding pocket (Humphries et al., 2003a).
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The most intriguing observation was a bending in the “legs”. Some questioned
this observation as an artefact due to the crystallisation, but there is evidence to
suggest that the bending is a way of holding the integrin in an inactive
conformation. Introducing cysteine residues in the a and the B-subunit, creates
an artificial disulfide bond between the B-propeller of oV or allb and the “leg” of
B3, which holds the heterodimer in a bent conformation (Takagi et al., 2001).
This suggests that these two domains are in close enough proximity (5.4 A, as
determined in the crystal structure) to assemble a disulfide bond, when
expressed at the cell-surface, and thus able to adapt to the bent conformation.
Further evaluation of this construct showed that holding the integrin aVp3 or
allbp3 in the bent conformation inhibited the interaction with the ligand
fibrinogen (Takagi et al., 2001). In conjunction with these observations, electron
microscopy of purified proteins has shown that aVf3 is in a bent conformation
in the presence of the inactivating calcium ions, and an extended conformation
in the presence of manganese, which binds to the MIDAS and promotes a high-

affinity conformation. Thus the protein has an inherent flexibility (Takagi et al.,

2002).

A third interesting observation revealed from the crystal structure was the
reorganisation of the two “legs”. Epitope mapping of the “leg” of the 2 subunit
combined with aL, revealed that in a closed low-affinity state, the two legs of the
integrin heterodimer is held tightly together, and upon activation by manganese
or phorbol esters, the legs move apart exposing unique epitopes within the B-
“leg” (Lu et al., 2001). Furthermore, electron microscopy has showed that for

recombinant o5p1, this separation was approximately 14 nm (Tagaki et al.,
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2001). This huge conformational change could be a mechanism for transmitting
the extracellular signal to the cytoplasm (outside-in), or opposite, transmitting an

intracellular signalling in order to activate the integrin (inside-out).

The crystal structure of the aVB3 was lacking the transmembrane and the
cytoplasmic domains. But NMR-studies of the allbp3 have shown that the two
cytoplasmic domains are associated when the complex is in a low-affinity state
(Vinogradova et al., 2002). This interaction between the two domains could be
disrupted in the presence of the intracellular protein talin, which activates
allbp3. These data on short peptides corresponds to the previously described
“‘unclasping” of the “legs” in the whole molecule electron microscopy studies
and therefore strengthen the hypothesis of the separation of the “legs” as a

functional mechanism for an inside-out activation of integrins (Vinogradova et

al., 2002).

Focal Adhesions

Cell contact with ECM proteins can lead to the formation of many different forms
of cell-matrix contacts (for review see Adams, 2001a). Of these, the focal
adhesion has been most widely studied in cell culture assays.

Upon integrin activation, the association between integrins and the actin
cytoskeleton promotes a reorganisation of integrin localisation and recruitment
of the integrins to the focal contacts. Extensive studies have focused on the
hierarchy by which the scaffolding proteins and signalling molecule gets
recruited to the focal adhesion (Figure 1). The initial contact between the cell
and fibronectin promotes clustering of the a5p1 integrins in a Rho-dependent

manner (Figure 1A->B; Hotchin and Hall, 1995). Clustering of integrins by ECM
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proteins (or antibodies), leads to a subsequently coclustering of the focal
adhesion kinase (FAK) associated with a581, and activation of tyrosine kinase
activity by the auto-phosphorylation at FAK-Y397 (Miyamoto et al., 1995a, b).
This leads to an increase in Cdc42 and Rac activity, which stimulate membrane
ruffling and formation of filopodia and lamellipodia, respectively (Del Pozo et al.,
2000, 2002; Nobes and Hall, 1995; Clark et al., 1995). Also, a rapid and
transient decrease in Rho activity is observed during the initial cell spreading
(Ren et al., 2000). The inhibition of Rho activity is dependent on FAK and is
important for the initial formation of focal adhesion. The activation of Rac and
the delayed activation of Rho are important for the translocation of
phosphatidylinositol 4-phosphate (PIP) 5-kinase (PIP5K) from a perinuclear
distribution to the membrane (Chatah and Abrams, 2001), and a subsequently
activation of the kinase, which catalyses the production of phosphatidylinositol
4,5-bisphosphate (PIP;) from PIP. Vinculin can bind to PIP; and the binding site
is located on a hinge region connecting the head, which folds up and interacts
with the tail of vinculin (Johnson and Craig, 1995a,b). Upon binding to PIPy,
conformation changes in vinculin dissociate the head to tail interaction and
unmask binding sites for both talin and actin within vinculin, and a later
recruitment of paxillin to the focal adhesion (Figure 1B->C; Gilmore and
Burridge, 1996). A recruitment of the actin-bundling protein, a-actinin to the
mature focal adhesions promotes stabilising and maintaining of attachment
between the actin filament and the focal adhesions (Pavalko and Burridge,
1991). PIP, is the substrate for phospholipase C (PLC), which catalyses the
formation of inositol trisphosphates (InsP3) and diacylglycerol (DAG). Inositol
trisphosphate functions as a second messenger to control the release of
internal calcium (reviewed by Taylor, 2002; Putney et al., 2001), whereas the
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best characterised function of DAG is the recruitment and activation of protein
kinase Cs (PKC) at the plasma membrane. Also, PKCa is associated directly
with the B1 integrin subunit, as detected in fluorescence resonance energy
transfer microscopy and coimmunoprecipitation (Ng et al., 1999). A further
description of the cellular functions of PKC will be addressed in the Introduction

for Chapter 6.

Development of Cell Contractility

Establishment of contractile actin stress fibers in smooth muscle cells involves
activation of the myosin light chain (MLC) by the Ca*'-sensitive MLC-kinase
(MLCK). The phosphorylation of MLC increases the actin-dependent ATPase
activity of the myosin heavy chains, which drives the movement of the actin
filament (Sellers and Kachar, 1990; for review see Tan et al., 1992). The GTP-
bound form of Rho activates the Rho-associated kinase, which, similar to
MLCK, phosphorylates MLC (Matsui et al., 1996).

A second target for the Rho-associated kinase is phosphorylation of the myosin-
binding subunit of the MLC phosphatase (Kawano et al., 1999). This
phosphorylation inactivates the phosphatase activity and thereby increases the
concentration of phosphorylated MLC. So an activation of the Rho-kinase and a
concurrent inactivation of the myosin phosphatase lead to rapid increase in
myosin || ATPase activity, and a subsequently actin a ssociation and filament

contractility.

The integrin-ligand interactions are sufficient for cellular attachment and

spreading, but additional signalling is needed for complete focal adhesion
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formation. In the case of fibronectin, a concurrent addition of the heparin-
binding domain together with the cell-binding domain is required (Woods and
Couchman, 1994). The transmembrane heparan sulphate proteoglycan,
syndecan-4 binds to the heparin-binding domain and acts as a coreceptor for
integrins (Figure 1C; review see Yoneda and Couchman, 2003). The ubiquitous
expression of syndecan-4 has been shown to promote cellular adhesion
mediated by B1 and B3 containing integrins on ECM substrates of fibronectin,
laminin, vitronectin and collagen |. The location of syndecan-4 to focal
adhesions is associated to a direct binding to a-actinin (Greene et al., 2003),
and this interaction links syndecan-4 indirectly to the actin cytoskeleton.
Furthermore, a subsequently multimerisation of syndecan-4 in focal adhesions
recruits and activates PKCa (Oh et al., 1997, 1998; Horowitz and Simons,

1998; Lim et al., 2003)

Cell-Basement Membrane Adhesion

The cellular response b etween e pithelial, s keletal or vascular s mooth muscle
cells and laminin in the basement membrane promotes the formation of two
specialised receptor complexes, namely the hemidesosomes and the
dystrophin—glycoprotein complex (review see Moiseeva, 2001; Borradori and
Sonnenberg 1999, 1996). Hemidesmosomes are the major adhesion contact
between the epithelium and the underlying basement membrane, especially
laminin-5. The main adhesion receptor in the hemodesmosomes are the o634
integrin, and in contrast to focal adhesions and the dystrophin—glycoprotein
complexes, the hemidesmosomes links to intermediate filament. This interaction
is mediated intracellular by plectin and the bullous pemphigoid antigen 230

(BP230) linked to the transmembrane coreceptor bullous pemphigoid antigen-
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180 (BP180) (Figure 2A; review see Borradori and Sonnenberg 1999, 1996). It
is noteworthy to mention that hemidesmosomes are considered stable cellular
contacts, which enable cells to resist deformation from mechanical stress and
counteract cellular migration.

The dystrophin—glycoprotein complex forms between the basement membrane
protein and vascular or skeletal muscle cells and consists of the extracellular
proteoglycan, o-dystroglycan, which links to the integral membrane
proteoglycan, B-dystroglycan, and the 8-, 8-, e-sarcoglycans and sarcospans.
Intracellular, B-dystroglycan binds to the actin-binding protein, dystrophin,
linking the ECM to the actin cytoskeleton (Ervasti and Campbel, 1993; review
see Moiseeva, 2001; Henry and Campbell, 1996). a1p1 and a2p1 also acts as
laminin receptors in conjunction to the dystrophin—glycoprotein complex (Figure
2B). The dystroglycan-null mice show defects in basement membrane
organisation during early development, indicating a major role of the
dystrophin—glycoprotein complex in the assembly of basement membranes in

non-muscle cells (Williamson et al., 1997).

Cellular Functions of ECM proteins

The cellular response to extracellular matrix proteins includes proliferation,
differentiation, c ell migration, and inflammation, and is d etermined by s everal
factors including the composition of the ECM, the cell surface receptors
expressed by the cell, and the expression of intracellular signalling molecules
(review see Adams, 2001a; Giancotti and Ruoslahti, 1999; Schwartz et al.,
1995; Adams and Watt, 1993; Hynes RO, 2002; 1992). As described in the

previous section, the initial contact between the cell and the ECM engage
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various receptors including integrins and heparan sulphate proteoglycans at the
cell surface, these receptors then provides an intracellular scaffold for further
engagement of intracellular signalling molecules transmitting the extracellular
information provided by the ECM to the intracellular milieu.

Multiple intracellular signalling molecules are stimulated downstream of integrin-
mediated cell adhesion. Besides the previous described scaffolding proteins,
several signalling molecules are targeted to the focal adhesions include
members of the mitogen-activated protein kinase (MAPK), non-receptor tyrosine
kinases (i.e. FAK) and members of the Src family of tyrosine kinases, and the
phosphatidyl-inositol 3-kinase (PI-3 kinase) and PKC (for review see Burridge
and Chrzanowska-Wodnicka, 1996; Schwartz et al., 1995). Here | focus on two
phenotypes, DNA transcription and cell migration, where the ECM-dependent

signalling pathways have been well-studied.

ECM-Mediated DNA Transcription

In mammals, the MAPKSs consist of four related groups, namely the extracellular
signal-related kinases (ERK)-1/2, the Jun N-terminal kinases/stress-activated
protein kinases (JNK1/2/3), the p38 proteins (p38a/p/y/5) and ERK5 (review see
Pearson et al., 2001). As shown in Figure 3, each of these MAPKs is activated
by specific MAPK kinases (MAPKK, or MEK), which in turn are activated by one
or more MAPKK kinases (MAPKKK or MEKK). That the specific MEKs can be
activated by one or more MEKKSs increases the complexity and diversity of
MAPK signalling pathways. One of the main functions of MAPK signalling
pathways is the regulation of gene expression in response to ECM stimuli
(review see Treisman, 1995). Of all the known MAPK signalling transduction

pathways, the  best-characterised cascade is the Ras—>Raf-
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1(MEKK)>MEK1/2>ERK1/2. An elevated ERK1/2 activity leads to a
phosphorylation and altered activity of a subclass of transcription factors, which
includes the AP-1 family (activated protein-1), the TCFs (ternary complex
factors) and the STATs (signal transducers and activators of transcription). The
AP-1 family of leucine zipper proteins consist of jun, fos, and ATF-2 (activating
transcription factor), which forms homo- and heterodimers (review see Karin et
al.,, 1997; Treisman, 1995). The TCFs mediate transcription from serum
response elements (SREs), including the AP-1 transcription factor, fos. In
contrast to the AP-1 transcription factors and the TCF, inactive STATs are
located in the cytoplasm. Following tyrosine phosphorylation by ERK1/2, the
STATs dimerise, and translocate to the nucleus. Inside the nucleus, STATSs bind
to various promoter regions, which contains the STAT-response element
(review s ee Horvath and Darnell, 1997). In general, activation of the ERK1/2
has been linked to cell survival and proliferation, whereas activation of JNK and
p38 is linked to induction of apoptosis (Xia et al., 1995). In contrast, the
activation of JNK2 leads to an increased phosphorylation of the transcription
factors, c-Jun and Nuclear Factor of Activated T-cell involved in apoptosis
(Behrens et al., 2001). Altogether, the MAPK directly induces transcription
factors, which leads to either cell proliferation or apoptosis, dependent on the

MEK activation.

Regulation of Cell Migration

The regulation of cellular migration is a complex process, which includes
intracellular-mediated assembly and disassembly of cell protrusions and focal
adhesions for regulation of cell-substratum adhesive strength, and polarised

rearrangement of actin cytoskeleton for a unidirectional translocation of the cell
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