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ABSTRACT

Integrin mediated cellular adhesion is central to a variety of biological processes and
is essential for metazoan architecture and function. Although, we have an impressive
knowledge about integrins and various integrin-mediated functions, the mechanisms
controlling cellular adhesion remain largely unknown. This is attributed to the lack of
understanding of the many molecules that are recruited to the cytoplasmic domain of
integrin at the adhesion sites, and their spatial and/or temporal sequence of interactions. This
project aimed at delineating the true composition of these supramolecular complexes
(adhesion complexes).

Three approaches were pursued to isolate these integrin containing
supramolecular complexes intact. In the first approach, cytoplasmic domain of
purified human Bi integrin was used as a bait to fish out integrin-associated
molecules from fresh cell lysate. Material isolated from the ventral plasma membrane
preparation of adherent cells was used as a source of adhesion complexes in the
second approach. In the third approach, adhesion complexes were induced by
incubating cells with anti-B1 integrin antibody coupled magnetic beads. The cell-bead
pellet was magnetically separated and lysed to isolate the adhesion complexes. The
molecules in the isolated complexes were resolved by SDS-PAGE and identified by

mass spectrometry based proteomics.

vii



1. INTRODUCTION

1.1. Adhesion

In 1922, biologist Warren Lewis wrote, if ‘cells were to lose their stickiness
for one another and for the supporting extracellular white fibers, reticuli, etc., our
bodies at once disintegrate and flow off in to the ground. The so-called cement, so
commonly described as existing between various types of cells, may possibly be an
adhesive substance’. Now about 80 years later, we have accumulated a wealth of
knowledge about cellular adhesion, the process where cells adhere to one another or
to extracellular matrix. Cellular adhesion is gritical to a wide variety of biological
phenomena, such as fertilization, placentation, organogenesis and embryogenesis;
development, tissue maintenance and wound repair; lymphocyte trafficking and
inflammatory cell recruitment; and invasion and metastasis of cancer (Rojas and
Abhmed, 1999; Rahman and Stratton, 1998). Adhesion is mediated by a number of
molecules called adhesion molecules. There are five main structural families of
adhesion molecules. They are integrins, immunoglobulin superfamily proteins,
selectins, mucins and cadherins (Lodish et al, 2000; Albeda and Buck, 1990). In
addition, there are several other molecules that are not easily categorized in the
adhesion molecule families. For example, VAP-1 (Jalkanen and Salmi, 1993), LVAP-

2 (Castro et al, 1996) and uPAR (Wei et al, 1994).



1.2. Integrins

The term integrin was proposed by Richard Hynes in 1986 (Tamkun et al,
1986) to describe a family of integral membrane receptors that promoted cellular
adhesion and communication. Integrins are structurally related type I membrane-
spanning glycoproteins that combine to form noncovalent o heterodimers. Currently
18 o and 8 B subunits have been cloned, and they may potentially form different
combinations to generate 24 different receptor pairs (fig.1.1, Humphries, 2000).

Integrins can bind to a variety of ligands including extracellular matrix
proteins, complement components, cell surface molecules and microorganisms
(Lodish et al, 2000; Isberg and Leong, 1990; Relman et al, 1990). Integrin-ligand
interactions provide physical support for cells to maintain cohesion, to permit the
generation of traction forces for movement, and to organize signaling complexes to
modulate cellular differentiation and fate (Humphries, 2000). The physiological
relevance of integrin function is elegantly demonstrated by naturally occurring
defects in the expression and/or function of these molecules as well as gene targeting
experiments. The inherited bleeding disorder, Glanzmann’s thrombasthenia, is caused
by the loss of expression and/or function of the allbf3-integrin on platelets (Perutelli
and Mori, 1992; Tomiyama Y, 2000). The importance of adhesive function of p2-
integrins has been demonstrated by an autosomal recessive disorder termed leukocyte
adhesion deficiency. Patients with this condition have deficient expression and/or

function of B2-integrin subunit. As a result, their myeloid cells fail to perform
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phagocytosis and chemotaxis that leads to recurrent bacterial and fungal infections
(Kishimoto et al, 1987; Fischer et al, 1988; Lipnick, 1996). Mouse embryos show
lethal defects at various stages of development when B1, B4, a3, a4, o5, a6, a8 or
a9 integrin is abrogated (Fissler et al, 1996). This is probably due to the deficiency
of unique integrin mediated cellular responses necessary for embryonic development
that are not compensated by other integrin receptors.

Several animal model studies have also shown that altered expression and/or
function of integrin molecules contribute to the progression of many diseases, and
therefore have implicated them as potential therapeutic targets. Anti-integrin
antibodies and ligand-mimetic peptides were used to alleviate conditions such as
ischemia/reperfusion injury, acute inflammation, allograft rejection during organ
transplantation and various chronic inflammatory disorders (e. g., rheumatoid
arthritis, inflammatory bowel disease asthma and diabetes, Curley et al, 1999; Coller,

1997; Barbadillo, 1995; Metzger, 1995).

1.3. Roles of Integrins in Regulating Immune Functions

Leukocytes express 14 integrin receptors (Hogg and Leitinger, 2001). They
are essential for many aspects of immune responsiveness, such as antigen
presentation, leukocyte-mediated cytotoxicity, myeloid cell phagocytosis and
lymphocyte trafficking. Experiments with monoclonal antibodies to LFA-1,a B2
integrin, inhibited antigen specific cytotoxic T lymphocyte (CTL) mediated target cell

killing (Gromkowski et al, 1983; Gromkowski et al, 1985). Further analysis indicated



that the interaction between LFA-1 (on CTL) and ICAM-1 (on target cell) provides
the adhesive forces necessary for the two cells come together (Krensky et al, 1984;

Bosco et al, 1996). In addition, Integrin also provides intracellular signals for T cell
activation during antigen presentation (Damle et al, 1992; Pardi et al, 1989).

The immune system with a large but finite number of antigen-receptor-defined
lymphocyte clones must respond to foreign antigen wherever it enters the body. Most
of the mature lymphocytes recirculate continuously from blood to tissue and back to
blood (Ford and Gowans, 1969). This disperses the immunologic repertoire, directs
lymphocyte subsets to the specialized microenvironments for differentiation and
survival and targets immune effector cells to sites of microbial invasion. Lymphocyte
recirculation is an active mechanism of lymf;hocyte-endothelial cell recognition
(Butcher et al, 1980) mediated by multistep sequential engagement of adhesion and
signaling receptors (Butcher and Picker, 1996). Upon tissue damage and
inflammation, leukocytes are recruited from the blood to the sites of injury. This
process of extravasation is a critical regulatory point in the immune system,
controlling the access of specialized lymphocyte subsets to particular tissues and thus
influencing the nature of local immune and inflammatory responses. The successful
extravasation of leukocytes out of the bloodstream across the endothelium into the
underlying tissue requires the co-ordinated and sequential interaction of adhesion
molecules (fig.1.2). The process of adhesion under shear flow is initiated by low-
affinity binding of leukocytes to activated endothelium, which results in rolling of

leukocytes along the endothelial surface. Leukocyte integrins do not function
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constitutively but undergo a process of activation. Chemokines immobilized on the
endothelial surface trigger this activation. Activated integrins such as a4 1, adp7,
LFA-1 and Mac-1 on leukocytes convert rolling to stable shear-resistant attachment.
Following tight adhesion, leukocytes migrate through the endothelium in to the
underlying tissue, a process called diapedesis. Whether the migrating cell passes
between endothelial cells (paracellular migration) or through the endothelial cells

(paracellular migration) remains controversial (Kvietys and Sandig, 2001).

1.4. Structure of Integrin

Both o and B subunits have large extracellular and short cytoplasmic domains.
The o subunits are approximately 1050 amino acids long with most of the sequences
extracellular with a 15-50 aminoacid cytoplasmic domain. a. chains are classified into
two groups (fig. 1.3). Members of the first group are cleaved into heavy and light
chains that are held together by a disulfide bridge. The secoﬁd group members are
single chain molecules containing an extra sequence of 180-200 residues called the I
(inserted or interactive) domain (Hemler, 1990). Both groups contain multiple repeats
of a sequence homologous to EF hand motif (Kawasaki and Kretsinger, 1995) that are
able to bind to cations. Cation binding sites are also present in the I domain
(Michishita et al, 1993) and cations are important in regulating integrin-ligand
binding (Gailit and Ruoslahti, 1998).

The $ subunits are approximately 780 aminoacids long with 700-730 residues

exposed at the extracellular surface and 40-50 residues cytoplasmic domain (fig 1.3).
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B4 is an exception in being 1752 residues long and 1000 of which makes the
cytoplasmic domain (Suzuki and Naitoh, 1990; Hogervorst et al, 1990; Tamura et al,
1990). Most [ subunits contain 56 cysteines, whose positions are highly conserved
among different B chains from Drosophila to human molecules (Hemler, 1990).
These residues form extensive disulfide bridging leading to a highly packed three-
dimensional structure that is responsible for the high resistance to protease attack
(Tarone et al, 1982; Giancotti et al, 1985). Sequence analysis revealed the presence of
a region homologous to the I domain of the o subunit and involved in ligand binding
(Smith and Cheresh, 1990; D’Souza et al, 1990; Loftus et al, 1990; Lee et al, 1995).
The complexity of the integrin superfamily is further increased by the
presence of different isoforms. There are four B1 isoforms, they are A (Argraves et al,
1987), B (Altruda et al, 1990), C and D (Languino and Ruoslahti, 1992; Zhidkova et
al, 1995; van der Flier et al, 1995; Belkin et al, 1996) produced due to alternative
splicing or alternative exon usage. Only the carboxy-terminal region is unique to each
of these isoforms and the rest of the molecules are identical. B1A is the ubiquitous
integrin B1 subunit. Different B1 isoforms has distinct and specific functions. For
example, B1B has anti-adhesive bropeny, it does not activate signaling through Fak'®
nor does it organize focal adhesion (Balzac et al, 1993). When co-expressed with B1A
or 33, B1B has a dominant negative action and inhibits cell spreading, migration,
assembly of fibronectin matrix and formation of focal adhesions (Balzac et al, 1994;

Retta et al, 1998). Existence of isoforms in 3 (van Kuppevelt et al, 1989), B4



(Hogervorst, et, al, 1990; Tamura et, al, 1990; Clarke et, al, 1994), a3 (Tamura et al,
1991), a6 (Cooper et al, 1991; Hogervorst et al, 1991) and o7 (Collo et al, 1993;
Ziober et al, 1993) subunits have also been documented.

Several different integrins have been shown to bind to the same ligand. Eight
different fibronectin receptors have been described and seven different integrins can
bind to laminin. This indicates that evolution has provided a compensatory system.
For example, cells lacking a.5B1 fibronectin receptor still assemble fibronectin matrix
in vitro utilizing other B1 (Yang et al, 1993) or B3 (Wennenberg et al, 1996) integrins.
In several cases, distinct receptors elicit different cellular responses upon binding to a
given matrix protein implying not all receptors suitable for rescue function. For
example, avB1 and a5B1 can both bind to fibronectin, but differ in their ability to
promote fibronectin matrix assembly (Zhang et al, 1993) whereas ovB3 and avp5 |
bind to vitronectin but have different roles in cell migration (Klemke et al, 1994;
Liaw et al, 1995). Contrary to a ligand being bound by a nurhber of integrin receptors,
a given receptor is able to bind to a multiple number of ligands as well. For instance,
avf33 can bind to 10 different ligands including vitronectin, fibronectin and several
others. Thus, receptors such as avp3 are suitable for rescue function, i.e., rescuing a
cell function that would have otherwise affected by the lack of another integrin
receptor.

Affinity labeling and crosslinking experiments with soluble peptide-ligands
indicated both o and § subunits are required to form the ligand binding pockets

(Smith and Cheresh, 1990; D’Souza et al, 1990). The first three cation-binding
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domains of the a subunit and an amino terminal region between 109-119 of the B
were identified as the region making contact with the ligand. Charo et al (1991)
identified a region comprising of residues 204-229 of B3 contributing to ligand

binding in addition to residues 109-119.

1.5. Integrin Signal Transduction

The ability of integrins to switch between inactive and active states has
important physiological implications and is considered as a general property of
integrin complexes (Faull et al, 1993; Altieri and Edgington, 1998; Crowe et al,
1994). Integrin activation must facilitate signal transduction for meaningful changes
in cellular function. There are two major signal transduction modes described for
integrin (Humphries, 2000). First, ligands or antibodies cluster Integrin receptors
close together and thereby trigger post-translational modifications and/or effector
molecule engagement. Second, ligands, antibodies or cations induce conformational
changes to integrin that create effector binding sites and/or exposure of sites for
modifying enzymes. Clustering is considered to increase the avidity of molecular
interactions. Clustering induced integrin activation and functions have been well
documented (Stewart et al, 1996; Stewart and Hogg, 1996). Thus, the adhesion of
cells to multivalent ligands in the extracellular matrix or on other cell surfaces causes
accumulation of signaling complexes on the cytoplasmic face of the plasma

membrane (Humpbhries, 2000).
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Integrins, being metalloproteins, require divalent cations. In general, Mg"" and
Mn"" promote ligand binding while Ca*" is considered as an inhibitor (Humphries,
2000; Gailit and Ruoslahti, 1988; Mould et al, 1998). These studies imply that the
extracellular domain of integrins undergo conformational changes that regulate ligand
binding. Studies with monoclonal antibodies to different integrin epitopes also
supported this. While a number of antibodies were found to inhibit integrin ligand
binding, several of them have shown to stimulate ligand binding (Ni and Wilkins,
1998; Keizer et al, 1988; Neugebauer and Reichardt, 1991; Frelinger et al, 1991;
Kovac et al, 1992; Arroyo et al, 1993; Lenter et al, 1993; Mould et al, 1995).

Intracellular stimuli can also affect the state of integrin activation by acting at
the cytoplasmic side. allbB3 integrin becomés competent for fibrinogen binding only
when plafelets are activated by blood clotting stimuli (Bennet and Vilaire, 1979).
Several stimuli can regulate this property, for example, thrombin activates the
fibrinogen receptor on platelets and antigen receptor stimulation regulates B2
integrin-ligand binding on lymphocytes. Thus, in addition to serving as a molecular
glue (Etzioni, 2000), integrins mediate signal transduction in both directions. Binding
of ligands transmits signals in to-the cell and results in cytoskeletal re-organization,
gene expression and cellular differentiation (outside-in signaling, Smyth et al, 1993;
Fox, 1994; Chen et al, 1994). On the otherhand, signals from within the cell can also
propagate through integrins and regulate integrin ligand binding affinity and cell
adhesion (inside-out signaling; Hynes, 1992; Schwartz et al 1995; Ginsberg et al,

1992). These pathways are directed to two main functions: organization of the

12



cytoskeleton and regulation of cellular behavior including differentiation and growth,
Organization of actin or intermediate cytoskeleton during cell adhesion requires
intracellular signals to trigger polymerization of cytoskeletal proteins in response to
cell matrix adhesion. In addition, the ability of cell matrix interaction to control cell
proliferation (Folkman and Moscona 1978) and differentiation (Menko and Boettiger,
1987, Solursh et al, 1984; Edgar et al, 1984; Dedhar, 1989) strongly implied the
existence of matrix dependent signaling events. It has subsequently been shown that
more upstream events, such as elevation of intracellular pH (Schwartz et al, 1989),
Ca™ transients (Pardi et al, 1989) and protein tyrosine phosphorylation (Ferrel and
Martin, 1989) can be triggered by integrins. The list of integrin-mediated signaling
now comprises most of the known pathways. These include Ras/MAPK activation
(Chen et al, 1994; Zhu and Assoian, 1995; Morino et al, 1995), activation of protein
kinase C (Breuer and Wagener, 1989; McNamee et al, 1993) and activation of
tyrosine kinases (Ferrel and Martin, 1989; Nakamura and Yakumura, 1989; Golden et
al, 1990).

Although many different integrin-dependent signaling pathways are known,
the molecular mechanisms by which integrins trigger these events are poorly
understood. The cytoplasmic domain of integrins does not have any enzymatic
activity. Thus, interaction with transducing proteins is required to start a signaling
event. Studies have identified a number of intracellular proteins that associate with or
are functionally coupled to integrins via these cytoplasmic tails. These proteins,

integrin associated proteins, regulate and mediate integrin-induced functions. The

13



cytoplasmic domains of integrins thus play a pivotal role in these bi-directional
signaling processes. Intensive efforts have focused on identifying cellular proteins
that can directly interact with integrin cytoplasmic domains in order to elucidate
molecular mechanisms by which integrin mediate bi-directional signal transduction
(Dedhar and Hannigan, 1996; Hemler, 1998; Hughes and Pfaff, 1998). A complete
understanding of the molecular basis of integrin regulation will require identification
of these integrin-binding proteins and characterization of their activities. At least 21
proteins are known to bind to one or more integrin P tails (fig. 1.4). These proteins
were discovered using various techniques such as Yeast two-hybrid screen, co-
immunoprecipitation, synthetic/recombinant_ peptide studies, binding to purified
integrin, static light scattering and equilibrium gel filtration (Liu et al, 2000). In
adherent cells, these molecules and integrin receptors co-localize to form
supramolecular complexes called focal adhesion complexes (fig. 1.5). Focal
adhesions are specialized sites of cell attachment to the extracellular matrix where

integrin receptors link the ECM to the actin cytoskeleton (Sastry and Burridge, 2000).

1.6. Cytoskeleton

Cells adopt a variety of shapes and carry out movements with the help of a
complex network of protein filaments in the cytoplasm called cytoskeleton (Bannikov
et al, 1982; Isenberg et al, 1979; Wright et al, 1988; Gordon and Staley, 1990). This
structure acts both as muscle and as skeleton, for movement and stability. It is highly

dynamic and reorganizes continuously as the cell changes shape, divides and
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responds to its environment. Actin filaments, microtubules and intermediate filaments
are the three types of protein filaments of the cytoskeleton.

The actin filaments are polymers of tightly oriented subunits known as
globular (G) actin. Actin is the most abundant protein in many cells, often as much as
5% or more of the total cellular protein. Fluorochrome labeled phalloidin is
commonly used to stain and visualize actin filaments in cells. Phalloidin is a toxin
from Amanita mushroom that binds tightly along the sides of the actin filaments
(Lengsfeld et al, 1974; Dancker et al, 1975; fig. 1.6). Dynamic actin filaments are a
common feature of cells in motion and in the process of changing shapes. Leading
edge of a migrating fibroblast extends thin sheet like processes called lamellipodia or
stiff protrusions called microspikes. Longer forms of microspikes called filopodia that
are most studied in developing neurons (Bernstein and Bernstein, 1977) are also
formed in many rr_lotile cell types (Buehler, 1976; Pracger, 1986). All these structures
contain bundles of actin filaments and are generated by local actin polymerization at
the plasma membrane and they rapidly push out the plasma membrane (fig. 1.7). The
cortical actin filament network lies just below the plasma membrane and provides the
cell with mechanical strength.

Cortical actin may also be organized as stress fibers where actin filaments
associate with motor protein myosin II and thus acquire contractile property. One end
of the stress fibers is inserted in to the plasma membrane at special sites called focal
contacts (fig. 1.8). The other ends may be inserted to another focal contacts or in to

the meshwork of cytoskeleton inside the cell. To pull on the extracellular matrix
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Fig. 1.6: Phalloidin-FITC stained actin filaments. Fixed and permiabilised adherent fibroblast cell was incubated with phalloidin-
FITC
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Cortical Actin

Fig. 1.7: Diagrammatic representation of actin containing structures inside the cell (Alberts et al, 1994)
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Stress fibers B1 integrin

Fig. 1.8: Double staining of an adherent fibroblast for actin filaments (phalloidin-F ITC) and B1 integrin (B3B11). Stress fibres originate from
focal adhesion sites where integrins cluster (white arrows)
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(ECM), stress fibers must be strongly anchored to the plasma membrane at the focal
contacts. Attachment between actin filaments inside the cell and extracellular matrix
on the outside of the cell is mediated by integrins. External domain of integrin binds
to ECM ligands and its cytoplasmic domain linked to actin filaments in stress fibers

by a multitude of proteins called focal adhesion proteins.

1.7. Focal Adhesion Complexes

Focal adhesions are formed in close apposition with the substratum where
actin stress filament ends are anchored to the plasma membrane (Burridge et al,
1988). Focal adhesions can be readily visualized by reflection contrast microscopy in
cells grown on ECM, appearing as spear tip-like structures connecting the ECM with
the ventral plasma membrane (fig. 1.9; Jockos et al, 1995). Attachment of cells to
extracellular matrix results in the co-localization and clustering of integrin receptors
(fig. 1.10) in to supramolecular complexes with structural, cytoskeletal and signaling
molecules (Chen et al, 1986; Burridge and Chrzanowska-Wodnicka, 1996; Damsky et
al, 1985; Giancotti et al, 1986). Transfection experiments with chimeric proteins
demonstrated B, but not a subunit cytoplasmic domains localize at focal adhesions
(LaFlamme et al, 1992). This suggests B cytoplasmic sequences contain necessary
information to recognize components of the focal adhesions. The extracellular events
required for focal adhesion formation involve integrin clustering in the plane of
plasma membrane as well as ligand binding. Most of the intracellular responses can

be triggered by antibody-induced integrin clustering at the cell surface (Miyamoto et
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Fig 1.9: Focal adhesion complexes in an adherent fibroblast. Merged image of a double staining for F-actin decorated with
phalloidin-FITC (green) and vinculin (red), a known focal adhesion protein
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Fig. 1.10: Clustered integrin molecules at focal adhesion sites. Adherent cell grown on fibronectin coated slide was stained
with anti-B1 integrin antibody.
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al, 1995; Yamada and Miyamoto, 1995). When clustering was induced by antibodies,
actin, talin, vinculin, a-actinin, Fak and tensin co-clustered with integrins. Thus
clustering of integrins at the cytoplasmic face is an early and necessary event in focal
adhesion formation.

Focal adhesions serve two cellular functions: to transmit tension at adhesion
sites to maintain strong attachment to the underlying ECM and to act as signaling
centers from which numerous intracellular pathways emanate to regulate cell’s
migration, growth, survival, apoptosis and gene expression (Sastry and Burridge,
2000; Schwartz et al, 1995; Howe et al, 1998; Burridge and Chrzanowska-Wodnicka,
1996; Hynes, 1992; Jockos et al, 1995). Cell.motility requires the formation of new
focal adhesions at the leading edge of the cell and their breakdown at the rear of the
cell (Petit and Thiery, 2000; Hynes, 1992). Loss of adhesion to ECM can lead to cell
cycle arrest or apoptosis (Ruoslahti and Reed, 1994). Studies have shown focal
adhesions are richly populated with catalytically active signaling proteins. For
example, protein tyrosine kinases such as Fak, Src (and Src family members), Csk
and Abl; the serine/threonine kinases PKCo and § and; the tyrosine phosphatases,
LAR, PTP1B (Taylor et al, 1998; Burridge and Chrzanowska-Wodnicka, 1996;
Jockos et al, 1995). The large repertoire of signaling proteins present in focal
adhesions underscore the importance of these structures in propagating signals
(Burridge and Chrzanowska-Wodnicka, 1996).

Our current knowledge is limited about the mechanisms or structural

properties that recruit proteins to the focal adhesion complexes. All integrins except
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- B4 have very small cytoplasmic domains that allow accommodating a maximum of
about two cytoplasmic proteins (Defilippi et al, 1997). Thus, the triggering of
signaling pathways and recruitment of molecules require involvement of
docking/adapter proteins. Proteins such as vinculin, Fak, paxillin and tensin may
perform this function as they contain a number of docking sites or domains mediating
protein-protein interactions. For example, vinculin can interact with at least 10 other
focal proteins in the complex (Geiger and Bershadsky, 2001). Focal adhesion proteins
such as a-actinin, talin and Fak appear to interact with the cytoplasmic tail of integrin
(Otey et al, 1993; Knezevic et al, 1996 Schaller and Parsons, 1995). Talin, a-actinin,
filamin, radixin, tensin, vinculin, gelsolin, profilin, VASP and Mena bind to actin
(Burridge and Chrzanowska-Wodnicka, 1996; Jockos et al, 1995). Additional focal
adhesion proteins including paxillin, zyxin, and cysteine rich protein (CRP) bind to |
neither actin nor integrin but may localize to the focal adhesion indirectly by binding
to actin/integrin-binding proteins (Brown et al, 1996; Arber and Caroni, 1996;
Beckerle, 1986 Sadler et al, 1992). Several focal adhesion proteins contain Src
homology-2 (SH2) domains (Src, tensin, p85PI3K and Grb2) and SH3 domains (Src,
PI3K, Grb2, P130 and Fak). Up on adhesion to ECM, a number of focal adhesion
proteins become tyrosine phosphorylated and interact with SH2 containing proteins.
Other proteins such as paxillin, vinculin and Fak contain proline rich sequences,
which serve as docking motifs for SH3 containing proteins (Taylor, 1998).

Focal adhesions are dynamic structures that are formed on demand and

disperse. For instance, they assemble, disassemble and recycle as cells migrate or

25



enter into mitosis (Sastry and Burridge, 2000), suggesting they are tightly regulated.
Therefore, it is not surprising that many of the focal adhesion proteins exhibit low
affinity binding with partners or exists in minute quantities. Because they are
multiprotein heterogeneous complexes, their assembly requires that individual focal
adhesion proteins interact with multiple binding partners (fig. 1.11). The assembly of
focal adhesions is undoubtedly complex. How are proteins recruited to the complex,
what are their temporal and spatial distributions? Moreover, how is assembly and
disassembly of such structures regulated? Since these proteins (focal adhesion
proteins) control most of what integrins do, answers to these questions will likely

reveal how integrin mediated cellular adhesion processes are controlled.

1.8. Cell Migration

Cell migration plays a central role in normal physiology and pathology.
Migration of fibroblasts and vascular endothelial cells is essential for wound healing
and tissue repair. In metastasis, tumor cells migrate from the initial tumor mass into
the circulation to reach new sites. Cell migration is a complex process requiring co-
ordinated activity of cytoskeleton, membrane and adhesion molecules. This process
can be viewed as having four distinct stages: protrusion, adhesion, traction and
retraction (Fig. 1.12).

Forward movement of membrane at the leading edge of the cell is called
protrusion. Extension of protrusive structures such as lamellipodia and filopodia are

universally found in migrating cells. Lamellipodia are organelle free broad, flat sheet-
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Fig. 1.11: Molecular interactions in focal adhesions (Critchley, 2000)
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Fig. 1.12: Four stages of cell migration. (Mitchison and Cramer, 1996)

28



like structures while filopodia are thin, cylindrical, projections, both containing dense
array of actin filaments. These are dynamic structures formed from a steady state of
local actin polymerization at the leading edge of the migrating cells (Cortese et al,
1989) while depolymerizing at the rear (Wang, 1985). Lamellipodia may have
smooth or serrated anterior edges appear to glide forward, pulling the cell body
passively behind them (Bray, 1992).

As the protrusive structures move forward, they establish at the new location
by adhesion on to the underlying surface (Hynes, 1992), permitting net forward
progress. Integrin mediated new adhesions occur at the leading edge of protrusive
structures (Regen and Horwitz, 1992). New focal adhesions form at the cell front and
they increase in size and numbers as the cell migrates over them, persisting on the
substratum until they reach the rear (Izzard and Lochner, 1980). Exocytosis (Hopkins
et al, 1994) and surface directed movement (Schmidt et al, 1993) were implicated as
the means of providing fresh supply of integrin molecules to the leading edge of the
cell. Actin bundles are attached to the new focal adhesion contacts, which anchor the
bundles to the plasma membrane. Focal contacts facilitate attachment of the cell to
the substratum, and remain in place as the cell move over them confirming them as
the points of traction (Lauffenburger and Horwitz, 1996). Increased concentrations of
cytoskeletally-associated components are also enriched in the leading edge (Wu and
Goldberg, 1993; Nobes and Hall, 1995). Upon adhesion, focal adhesion proteins such
as Fak, paxillin and tensin are tyrosine phosphorylated (Lo et al, 1994; Schaller and

Parsons, 1994; Turner, 1994).
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As stated in the foregoing, the first force needed by a migrating cell is the
protrusive force and is mediated by actin polymerization independent of myosin
motor activity. Second force is the contractile force needed to move the cell forward
that is dependent on myosin motor activity (Chen, 1981). Traction, the process of
moving the cell body forward is mediated by the contraction of myosin II in stress
fibers. Contractions at the junction between lamellipodia and cell body and at the rear
of the cell deform the cell body and propel its internal contents forward toward the
leading lamella. The major function of myosin II based contraction in migrating cells
is to break the adhesive interactions. Myosin II mediated contraction pull on filaments
connected to integrin receptors that are linked to ECM. This force disrupts the bonds
at the extracellular integrin-ligand site and/or at an intracellular integrin-cytoskeleton
site.

Cell migrgtion also requires efficient mechanisms to release adhesions at the
rear of the cell. Major fraction of integrin being left on the substratum as the cell
releases and moves forward has been demonstrated (Regen and Horwitz, 1992).
Cytoskeletally associated proteins such as talin and vinculin were not present in these
remnants of membrane ripping. In the rear of the cell, the integrin-cytoskeletal
linkage tends not to form and the membrane is less well supported by the
cytoskeleton. In contrast, in the cell-front, the integrin-cytoskeletal linkage does form
and the membrane is well supported. Schmidt et al (1993) have shown that at least
four-fold difference in cytokeletal linkages between the front and rear of migrating

cells.
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Three Rho GTPases namely Cdc42, Rac and Rho were identified as important
regulators of different adhesion structures formed in migrating cells. These are
members of the Rho subfamily of Ras family GTP binding proteins. These molecules
regulate the formation of filopodia, lamellipodia, focal adhesions and stress fibres
(Hall, 1994). Formation of filopodia is regulated by Cdc42 (Kozma et al, 1995), while
that of lamellipodia is regulated by Rac (Ridley et al, 1992). Focal adhesions
containing stress fibre termini are regulated by Rho (Ridley and Hall, 1992). Rho has
also been implicated in adhesive release at the rear end of the cell, inactivation of

which has inhibited migration (Miura et al, 1993; Patersén et al, 1990).

1.9. Mass Spectrometer
A mass spectrometer is an instrument that produces ions and separates them in
the gas phase for analysis (Siuzdak, 1994). Mass analysis is essentially separation of
ions according to their mass to charge ratio, m/z, where m and z are mass and charge
respectively. Tandem mass spectrometers use this separation as a preparative tool to
isolate an ion with a specific m/z for further analysis (McLafferty, 1981). Further
analysis is carried out by fragmenting the mass-selected ion and by determining the
m/z of the fragment ions in a second stage of mass analysis.
A typical mass spectrometric analysis is made up of the following steps:
Sample Introduction — Ionization — Mass Separation — Ion Detection/Data Analysis
A fundamental challenge to the application of MS to any analyte is the

production of gas-phase ions. Difficulties in producing gas phase ions can prevent
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MS analysis of certain classes of molecules. The process of transfer of non-volatile
molecules to charged molecules (ions) into the gas phase has been accomplished by
many ways. They range from simple electron-impact ionisation and chemical
ionisation to a variety of desorption ionisation techniques such as electrospray
ionisation (ESI) and matrix-assisted laser desorption ionisation (MALDI). MALDI
was introduced (Karas and Hillenkamp, 1988) as a soft ionisation technique for high
molecular weight biomolecules such as proteins and peptides. For MALDI, the
analyte is dissolved in a solution of UV-absorbing compound called matrix and
placed on a stage in the mass spectrometer. As the solvent dries, matrix crystallises
and the analyte molecules are included into the matrix crystals. Then a pulse of UV
laser beam is used to desorb and ionize small amounts of the co-crystallised matrix
and analyte from the surface of the stage (fig. 1.13). The matrix (e.g., 2, 5-
dihydroxybenzoiq acid) also serves to minimize sample damage from the laser beam
by absorbing the incident laser energy, resulting in the sample and matrix molecules
being ejected into the gas phase. The actual mechanism of MALDI, a combination of
desorption and ionization, is still being investigated. The laser energy absorbed by the
matrix leads to intense heating and generation of a plume of ejected material.
Generation of ions is believed to arise through ion/molecule reactions in the gas
phase. Nevertheless, enough energy is transferred to the molecule to generate
protonated peptide ions, [M+H]" in the positive ion mode. Acidic environment
provided by the acidity of most matrix compounds facilitates this process. The sample

ions that are formed during this process are either singly or multiply charged. Singly
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Fig. 1.13: MALDI source (Suizdak, 1994).
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charged ions are dominant in MALDI mass spectrum. Once ions are formed in the
gas phase, they are electrostatically directed to the mass analyzer, which differentiates
the ions according to their mass-to-charge ratio (m/z).

As stated above, mass spectrometers determine the m/z of the ions derived
from the analyte. The molecular weight of the analyte can be calculated from its m/z,
provided the z is known. A variety of mass analysers are available to make this
measurement. Time of Flight (TOF) is one such analyser. TOF mass spectrometry
was first successfully used as an ion analyser in the 1950's (Wiley and McLaren,
1955). The principle of mass analysis by TOF analyser is simple. An ion is given a
fixed amount of kinetic energy by acceleration in an electric field that is generated by
the application of a voltage. This acceleration causes the ion to travel at a velocity
that is inversely proportional to its m/z. Thus, the time required for each ion to travel
the flight tube is mass dependent. High mass ions take longer to reach the detector
than low mass ions. Several ionisation techniques are suitable for TOF mass
analysers, provided the ions are generated or ejected from the ion source over very
short periods of time. One of such ionisation methods that is well suited for TOF is
MALDI. Linear TOF MS instruments are capable of attaining a resolution of 1 part
per 1000. Its most important limitation is the energy spread of the ions. However, in
reflection TOF instruments (fig. 1.14), electrostatic mirrors provide energy focusing
and are thus capable of a resolving power of over 10,000. High mass range and

efficiency are two advantages of TOF analysers. Parallel detection and lack of slits
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Fig. 1.14: Reflection Time of Light instrument (Kinter and Sherman, 2000).
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cause rapid ions accelerated out of the ion source of the TOF instrument to reach the
detector with high efficiency.

Since most MALDI instruments are used in conjunction with the time-of-
flight analysers (TOF), mass range is practically unlimited, except for problems of ion
production and detection. MALDI is perhaps the most forgiving of all the ionisation
techniques with respect to the presence of salts and other contaminants in the sample
in terms of interfering with the ion production. Peptide mass-mapping experiments
are the most common application of MALDI-TOF to proteomic research. It is
extremely sensitive in being able to detect few fmols of peptide. One potential
problem of MALDI MS during the analysis of small peptides (< m/z 600) is the high
background generated from the matrix. Another disadvantage is that the analyte-
matrix adduct ions are formed which can complicate the spectrum. Ion suppression
effect also exists with this technique.

A mass filter is required to select a single parent ion for tandem mass
spectrometry. Quadrupole mass filter is a widely used type because of its ease of use,
small size and relatively low cost (Chernushevich et al, 2001; Andersen and Mann,
2000). Paul and Steinwedel (1953) published the basic principles of the quadrupole
mass filter. Mass separation in a quadrupole mass filter is based on achieving a stable
trajectory for ions of specific m/z values in a hyperbolic electrostatic field. A
quadrupole mass filter consists of four parallel cylindrical rods (fig. 1.15). Opposite
rods are connected in pairs to both radio frequency (RF) and direct current (DC)

generators. Thus, the ions during their passage through the rods will be bathed in the
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combined electric and radio frequency fields. The output of the RF generator is
energy in the radio frequency part of the electromagnetic spectrum, and is a
sinusoidal voltage signal with amplitude U and frequency . The output of the DC
generator is two different voltages +V and —V.

At given values of U and V, only certain ions will have stable trajectories and
are allowed to pass through the rods to the detector. All other ions will have unstable
trajectories and will be lost. In other words, the range of ions of different m/z values,
capable of passing through the mass filter, depends on the ratio of U to V. One of the
advantages of a quadrupole mass filter is the low voltage applied to the ion source.

This eliminates high voltage problems and makes interfacing to GC and LC easier.

1.10. Protein Identification by Mass Spectrometry

Recent advances in instrumentation and techniques of ionisation have enormously
popularized the use of mass spectrometry in biological scierices (Peng and Gygi,
2001; Chace, 2001). These advances permit the accurate determination of the
molecular masses of large macromolecules. Today (Hakansson et al, 2001; Yeung et
al, 2001), substances in the attomole/ul range can be measured often using small and
impure biological samples. Mass spectrometry thus has become an indispensable tool
for peptide and protein analysis (Mann et al, 2001).

The general approach of mass spectrometry based protein identification has been
as given below.

1) Generation of peptides by digesting protein with trypsin:
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Protein sequencing and identification is best accomplished by sequencing
peptides derived from a protein rather than the intact protein. Therefore, the first step
is to cut the protein into a series of peptides using trypsin. Trypsin, being a restriction
endopeptidase cuts the amide bond at the C-terminal side of Lysine (K) and arginine
(R) residues, except when they are placed before proline. K and R are common
residues (5-6%) in mammalian proteins and trypsin digestion results in the generation
of 1000-2000 Da peptides, which are ideal for analysis in MALDI-TOF machines.
The second reason for using trypsin is to place basic residues at the C-terminus of the
peptides. The presence of basic residues at the C-terminus results in a more
predictable fragmentation throughout the lquth of the peptide. Arginine if present in
the middle of a peptide will often result in the absence of fragmentation at several
contiguous peptide bonds adjacent to the arginine (http://abrf.org/ ABRF/Research-

Committees/masspecquiz/SequencingTutorial.html).

2) Acquisition of a single MS spectrum and subsequent identification of the
protein using peptide mass data (peptide fingerprint):

Protein identification is done with a database search program. The program
performs in silico digestion of the proteins in the database to create their peptide
fingerprint and compares them with the input peptide fingerprint to identify the

protein (Blackstock, 2000).

3) Tandem mass spectrometry:
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A single ion mass (parent ion) is selected from the MS spectrum using a mass
filter. The selected ion is then transmitted to a high-pressure region of the instrument
where it undergoes collision-induced dissociation (CID) with gas molecules. This -
results in the cleavage of peptide backbone and the formation of a series of ions
called product ions (daughter ions). These ions contain the partial sequences of the
peptide from which the aminoacid sequence of the peptide, or at least a large part of
it, can usually be deduced (fig. 1.16). However, the tandem MS data is routinely
interpreted using database search programs. The program utilizes the product ion data
to search the database of theoretical spectra derived from the proteins in the database.
Thus it deduces the aminoacid sequence of the peptide and hence the identity of the
protein from which the peptide was derived. |

The use of mass spectrometry in biological sciences has grown enormously, with
applications to allvareas concerned with events occurring at the molecular level.
MALDI-MS has emerged as an effective bioanalytical tool (Biemann, 1992; Chait et
al, 1992) and the fact that it allows the analysis of heterogeneous samples makes it
attractive for biological samples (Bahr et al, 1997). MALDI technique has been
extremely useful in the analysis of peptides. One of its common applications is the
identification of protein by analysing péptide mixtures produced by protease
digestion. Similar to the current project, others have also used MS based protein
identification on large protein complexes (Neubauer et al, 1997; Mann et al, 2001).
The reproducibility of such an approach (purification of large complexes) has been

reported as 70% (Gavin et al, 2002). The 30% detected loss of association was
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attributed to the inherent variability of the technique such as biological samples,
purification and mass spectrometry. This calls for 30% of any association observed
by this study to be treated with caution. In other words, any new/previously
undocumented molecule detected in the adhesion complex by the present study to be
repeatedly demonstrated by conventional techniques. Nevertheless, MS based protein
identification offers us an opportunity to identify a protein molecule without requiring
prior knowledge about it or specific reagents to it (e.g., antibody). Unlike ESI-MS, for
instance, MALDI-MS does not require pure protein samples. These features were
ideal for the current project to identify known/unknown protein molecules in

adhesion complexes.
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2. MATERIALS AND METHODS

2.1. Sources of Materials
Anti-G3BP, mouse monoclonal antibody (clone 23): Transduction Laboratories,
Anti-RasGAP, mouse monoclonal antibody (B4F8): Santa Cruz Biotechnology,
Anti-RasGAP, rabbit polyclonal antibody (Sc-425): Santa Cruz Biotechnology,
Anti-human CD3, mouse monoclonal antibody (UCHT1): Pharmingen,
Anti-human B1 integrin, mouse monoclonal antibodies,

353 (Gao and Wilkins, 1995)

N29 (Wilkins et al, 1996)

B3B11 (Wilkins et al, 1995) .
Cyanogen bromide (CNBr) activated Sepharose 4B beads: Pharmacia,
Tosyl activated magnetic beads (diameter 4.5u): Dynal,
Latex beads (diameter 6.2): Sigma,
Complete protease inhibitor cocktail: Boehringer Mamheirﬁ,

Slowfade mountant: Molecular Probes,

Excision grade trypsin: Calbiochem

2.2. Cell Lines
K562 and Human foreskin fibroblast (HFF) cell lines were cultured and
maintained in RPMI 1640 with 10%FCS in a 5% CO, atmosphere at 37°C. HFF cell

line: Kind gift from Doug Milley, Cadham Provincial Laboratory, Winnipeg, MB
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2.3. Isolation of Integrin Associated Molecules by Fishing Cell Lysate

2.3.1. Antibody Coupling of CNBr Activated Sepharose Beads

1.

Dialyze N29 antibody against 0.1M sodium bi-carbonate buffer containing
0.5M NaCl, pH8.3 (coupling buffer)

Swell and wash the sepharose beads in 1mM HCI. Perform a quick final wash
in coupling buffer

Mix 1ml (packed volume) of beads with 1.2 mg of N29 antibody and incubate
at room temperature for 4 hours in an end-over-end mixer

Wash the beads twice in coupling buffer

Block the beads in 1M ethanolamine pH8.0 for overnight at 4°C

Strip the beads by washing alternatively with 0.1M acetate buffer containing
0.5M NaCl, pH4.0 and 0.1M Tris-HCl containing 0.5M NaCl, pH8.0 (3
cycles)

Store the beads in TBS containing 0.02% sodium azide at 4°C

2.3.2. Preparation of K562 Cell Lysate

1.

2.

Wash 3X10° K562 cells three times in cold PBS

Add 3ml of lysis buffer (50mM HEPES-KOH pH?7.3, 10% glycerol, ImM
sodium fluoride, ImM DTT, complete protease inhibitor cocktail, 60mM
potassium acetate, 0.5% BSA, Zachariae et al, 1998)

Grind cells 30 minutes using a 7 ml Wheaton’s homogenizer in an ice bath

44



4.

5.

Sonicate twice for 15 seconds with an output control setting of 3.5 (Vibra Cell
sonicator, Sonics & Materials Inc. Danbury, Connecticut).

Centrifuge at 15,000g for 15 minutes at 4°C and collect the clear supernatant

2.3.3. Preparation of Human (1 Integrin

1.

Homogenize human placenta in TBS containing 2mM CaCl,, 50mM n-
octylglucopyranoside and 1mM PMSF (homogenization buffer)

Remove the solid particles and fat by centrifugation followed by passage
through a cheese cloth

Mix the homogenate with 3S3 antibody coupled sepharose beads and incubate
at 4°C for overnight in a rocker

Pack the beads in to a column and wash with at least 20 column volumes of |
homogenization buffer

Elute B1 integrin using 100mM glycine-HCI, pH2.5 containing 1mM MgCl,,
0.1mM CaCl, and 50mM n-octylglucopyranoside. Neutralize the elutes

immediately with 2M Tris-HCI, pH8.2

2.3.4. B1 Integrin Ligand Binding Assay

1.

Dilute human B1 integrin (1pg/ml) in integrin buffer (25mM TBS containing
0.1% CaCl, and 1mM MgCl,). Pipette 100ul/well of the diluted integrin in to

a 96-well plate (Nunc maxisorb) and incubate at 4°C overnight
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Wash the wells 3 times in wash buffer (PBS with 0.05% Tween20)

Block the wells with block buffer (200ul/well) for 1 hour at room temperature
(block buffer: 10% fibronectin denatured FBS in integrin buffer)

Perform a serial doubling dilution of the biotinylated-fibronectin from
25pug/ml to 0.844pg/ml in dilution buffer (1/10 block buffer). Pipette
100pl/well of the diluted biotinylated-fibronectin and Incubate at 30°C for 3
hours. Wash 3 times with wash buffer

Pipette 100pl/well of 1/4000 avidin-alkaline phosphatase (Sigma) in dilution
buffer

Incubate for 30 minutes at 37°C and wash 3 times with wash buffer

Pipette 100l of substrate (0.1% p-nitrophenylphosphate in 0.2M Tris buffer,
Sigma) and incubate at 37°C for color development

Measure the OD at 405nm Vs 690nm

2.3.5. Isolation of Integrin Associated molecules

1.

Label three 1.5 ml Eppendorf tubes as “Test”, “Integrin cont‘rol” and “Lysate
control” |

Pipette 40ul of N29-coupled beads in each of the 3 tubes

Add 60pl (60pg) of human PB1 integrin in “Test & Integrin control” tubes. To
“Lysate control” add 60pl of integrin-buffer

Incubate in a rotator at 4°C for overnight
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5. Wash the beads twice in integrin-buffer

6. Pipette 1ml of fresh K562 cell lysate each to “Test & Lysate control” tubes
and 1ml lysis buffer to “integrin control” tube

7. Incubate at room temperature for 30 minutes in a end-over-end mixer

8. Wash 3 times in cold lysis buffer

9. Elute the beads in 100p1 of elution buffer (100mM glycine-HCl pH 2.5) at
room temperature for 30 minutes

10.  Run ona 10% SDS-poly acrylamide gel under reducing conditions

11. Silver stain the gel

2.3.6. Silver Staining (Shevchenkoet et al., 1996)

Fix the gel for 30 minutes with gentle shaking in fixation solution (45% methanol and
5% acetic acid in water)

Rinse the gel in deionised water for overnight

Sensitize in 0.02% sodium thiosulfate for 1-2 minutes

Rinse in two changes of demonized water, 1 minute each

Incubate the gel in chilled 0.1% ‘silver‘nitrate solution for 30 minutes at 4°C with
shaking

Rinse the gel in two changes of deionized water, 1 minute each

Develop in developer (0.04% formalin and 2% Na,COs in deionized water)

Stop reaction by washing with 5% acetic acid
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2.4. Isolation of the Adhesion Complex Proteins from VPM
Preparation

2.4.1. Preparation of Ventral Plasma Membrane by Wet Cleaving Method
(Brands and Feltkamp, 1988)
1. Immerse coverslips (sulfuric acid washed and sterile) in fibronectin solution

(10pg/ml in PBS) and leave at 4°C for overnight (fibronectin coating)

2. Rinse the fibronectin-coated coverslips in sterile PBS
3. Layer 300pl of cell-suspension on each of the coverslips
4, Incubate at 37°C in a CO, incubator for overnight

5. Rinse the coverslips in VPM buffer (25mM Tris, 135mM NaCl, SmM KCl,
0.5mM NaH,POy4, ImM CaCl,, 0.5mM MgCl,, pH7.2)

6. Overlay the cell-sheet with a piece of nitrocellulose membrane (0.45um) that
is pre-wet in VPM buffer and semi-air dried. Leave it for 5 minutes

7. Cleave the cells by gently lifting the membrane using a pair of forceps

8. Rinse the VPM in integrin-buffer

Note: For biochemical analysis, VPM preparation was made in fibronectin-coated

petridishes instead of fibronectin-coated coverslips. The material was then dissolved

in hot gel loading buffer (reducing) to be later resolved by SDS-PAGE.
2.4.2. Immunofluorescent Staining of VPM (Brands and Feltkamp, 1988)
1. Rinse the VPM in wash buffer (10mM sodium phosphate, 100mM KCl, 2mM

MgCly, pH7.0)
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2. Fix the VPM in 4% PFA in PBS and rinse well in wash buffer

3. Incubate with the primary antibody diluted in wash buffer at room
temperature for 1 hour, rinse in wash buffer

4. Incubate with secondary antibody diluted in wash buffer at 4°C for 1 hour and
rinse in wash buffer

S. Mount the coverslip, face down on a microscope slide using Slowfade

mountant

2.5. Isolation of Adhesion Complexes Using Antibody Coupled
Magnetic Beads

2.5.1. Antibody Coupling to Tosyl Activated Magnetic Beads

1. Wash beads twice in 0.1M phosphate buffer pH7.4 (coupling buffer)

2. Incubate 100 pg of antibody with 3X10° of beads (in 750p total volume of
coupling buffer) at 37°C for 24 hours with slow rotation.

3. Wash the beads twice in PBS containing 0.1% BSA.

4, Block free tosyl groups in 0.2M Tris buffer pH8.5 containing 0.1% BSA with
slow rotation at room temperature for 24 hours

5. Wash the beads once in PBS containing 0.1% BSA and store in the same

buffer containing 0.02% sodium azide at 4°C
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2.5.2. Antibody/Poly-L-Lysine Coating on Latex beads

Magnetic beads showed auto-fluorescence in both red and green channels. Therefore,

for immunofluorescent microscopy work, antibody/poly-L-lysine (PLL) was coated

on to latex beads instead of magnetic beads

1. Mix 1 ml of 1% latex bead-suspension with 2 mg of antibody/PLL in 25mM
MES buffer, pH6.1

2. Incubate in a rotator at 4°C overnight.

3. Block in 1% BSA in MES buffer at room temperature for overnight

4. Store the beads in MES buffer containing 0.02% sodium azide at 4°C

2.5.3. Induction & Isolation of Adhesion Complexes (Plopper and Ingber,

1993)

1. Incubate 15X10° K562 cells with 15X107 383-coated magnetic beads at 37°C for
30 minutes with slow rotation.

2. Isolate the bead-bound cells using a Dynal magnet block

3. Suspended the cell-bead pellet in ice-cold CSK buffer without detergent.

(All the subsequent procedurés were carried out in an ice bath).

4. Transfer the pellet in to 2ml of complete CSK buffer (0.5% Triton-X-100, 50mM
NaCl, 300mM sucrose, 3mM MgCI2, 10mM sodium fluoride, ImM sodium
vanidate, complete protease inhibitor cocktail and 10mM PIPES pH6.8). CSK
buffer first described by Burr et al, 1980 is able to preserve the integrity of

cytoskeleton.
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Sonicate the pellet for 10 seconds at a relative output setting of 0.4 (Ultrasonic
2000) and homogenize in a 7ml Wheaton’s homogenizer (20 strokés). The beads
were pelleted and washed five times in complete CSK buffer.

Boil the beads in gel loading buffer under reducing conditions and resolve the
molecules on SDS-PAGE.

Silver stain the gel to visualize the protein bands.

2.5.4. In-Gel Digestion of Proteins for Mass Spectrometry

This method is as per Shevchenko et al., 1996 but with a modification. Formic

acid was omitted during peptide extraction to prevent formylation of residues leading to

misidentification (Rout et al., 2000).

L.

Excise Individual protein bands from the silver stained gel and place them in
labeled tubes containing 100mM ammonium bicarbonate solution

Wash bands in 50pl of the ammonium bicarbonate solution by brief vortexing
Spin the tubes at 500g for 1 minute, remove and discard the liquid

Wash the gel fragments in 3-4 gel volumes of 50% acetonitrile in 100mM
ammonium bicarbonate for 15 minutes at room temperature. Spin briefly and
discard the liquid.

Cover the gel fragments with acetonitrile. After the gel fragments have shrunk,

spin briefly and remove acetonitrile.
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10.

11.

12.

13.

14.

Rehydrate the gel in 100mM ammonium bicarbonate. After 5 minutes add an
equal volume of acetonitrile, wait for 15 minutes, spin briefly, remove and
discard the liquid.

Dry the gel in a vacuum centrifuge for 5 minutes without heat

Reduce the cysteines residues in the protein by immersing the gel pieces in 2-3
gel volumes of 100mM ammonium bicarbonate containing 10mM DTT. Incubate
for 1 hr at 56°C

Immerse the tubes quickly in ice-bath to bring the tubes to room temperature.
Spin briefly and discard the liquid

Quickly add 2-3 gel volumes of 100mM ammonium bicarbonate containing
55mM iodoacetamide to alkylate the cysteines. Incubate in the dark for 45
minutes at room temperature with occasional vortexing. Spin and discard the |
liquid

Wash the gel fragments by vortexing in 100ul of 100mM ammonium bicarbonate
Shrink and dry the gel fragments as in step 4-7.

Digest the protein molecules in the gel by incubating with 2-3 gel volumes of
digestion buffer on ice for 45 minutes (Digestion buffer: Excision grade trypsin,
5ng/pl in 50mM ammonium bicarbonate containing SmM CaCl,). Spin briefly,
and remove as much as liquid possible.

Fill the tubes with 5-20 ul of digestion buffer without trypsin and crush the gel

pieces with a plastic applicator. Incubate overnight at 37°C

52



15.

16.

17.

Spin briefly and collect the liquid to another labeled tube. Extract peptides by
soaking the gel in 2-3 gel volumes of 25mM ammonium bicarbonate. Stand for
15 minutes with occasional vortexing, add an equal volume of acetonitrile and
incubate for another 15 minutes. Spin briefly, collect the liquid and combine with
the previous extract. Repeat extraction once more.

Add 10mM DTT solution to the combined extract to get a final concentration of
ImM.

Dry the combined extracts using vacuum centrifuge without heat

2.5.5. Removing Salts and Detergent from the Samples

1.

2.

Reconstitute the dried sample in 10ul of 0.1% TFA

Pre-wet the ziptip (Millipore) by aspirating wetting buffer (50% acetonitrile in |
water)

Equilibrate ziptip by washing 2 times in equilibration buffer (0.1% TFA in water)
Bind peptides to ziptip by aspirating and dispensing the sample 5-10 cycles

Wash ziptip by aspirating and dispensing in 0.1% TFA twice

Elute in 2-4 pl of elution‘buffe; (50% acetonitrile in water) at least 3 cycles of
aspiration and dispensing

Add equal amount of 0.2% TFA. The samples are now ready for MS analysis
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2.5.6. MS Analysis of the Samples

All mass spectrometry analysis for this thesis was carried out using a tandem
quadrupole/time-of-flight instrument with a matrix-assisted laser desorption
lonisation source (MALDI-QqTOF) (fig. 2.1; Loboda et al., 2000, Shevchenko et al,
2000). For analysis of peptides in the molecular weight range up to at least 5000
daltons, it has a mass resolving power of about 10,000, accuracy of 10 ppm and
sensitivity in the femtomole or less range (Loboda et al, 2000). This combination of
TOF mass analyser with MALDI is an effective tool in the laboratory of biologists,
due to their high sensitivity, speed and ease of operation. MALDI-QqTOF is a
tandem mass spectrometer commonly employed to sequence peptides. Using this
instrument a peptide mass map of the protein digest and tandem mass spectra of
multiple peptide precursor ions can be acquired from the same sample in the course of |
one experiment.

MALDI-QqTOF tandem mass spectrometry uses two stages of mass analysis,
one to preselect an ion for fragmentation and the second to analyse the fragments
induced. This dual analysis is tandem in space and is accomplished with a
combination of two mass spectrometers in series. In the QqTOF combination, Q
represents a quadrupole mass filter; g, a rf -only quadrupole (collision chamber). An
ion of inferest generated in the ion source is preselected with the mass filter Q. This
ion is then fragmented to produce daughter ions by collisions with an inert gas like
argon or helium in the high-pressure collision chamber q. The fragmentation products

are then analysed with the TOF mass analyser. This fragmentation process is termed
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Fig. 2.1: MALDI-QqTOF. Courtesy: Time of Flight Lab, Department of Physics, University of Manitoba.
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collision-induced dissociation (CID). In this way, it is possible to obtain sequence

information from a peptide by analysing the backbone fragments with TOF analyser.

The samples were analyzed as follows.

1. Place 0.6pl of dihydroxybenzoic acid (matrix) on one square area of the MALDI-
chip and leave at room temperature to crystallize. The MALDI-chip has 40
squares and therefore up to 40 samples can be analyzed sequentially.

2. Add 0.6pl of sample on to the erystallized matrix and wait until dry. Load the
chip on to the mass spectrometer and acquire data
Note: N,-laser operating at 20Hz was focused on to the sample (spot size of

0.3 mm?) to produce ions. To detect the singly charged ions, acceleration voltage of

the TOF was raised to 4kV-10kV.

2.5.7. Data Acquisition and Analysis

1. Acquire the mass spectrum in single-MS mode

2. Analyze the single-MS data (peptide fingerprint) using MS-Fif at
prospector.ucsf.edu with £30 ppm peptide mass tolerance to identify the
protein.

3. Select few peptides from the protein and subject them to tandem mass
spectrometry. Analyze the tandem MS data using MS-Tag at
prospector.ucsf.edu with 30 ppm parent ion mass tolerance and +50 ppm

fragment ion mass tolerance.
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Note: NCBInr protein database was used for both MS-Fit and MS-Tag of the above

searches. A definitive identification is reached when at least three peptides confirm

(by MS/MS) the identity of protein obtained by peptide fingerprint (MS) search

(Shevchenko et al, 1996).

2.5.8. Immunofluorescent microscopy (LaFlame et al, 1992)

1.

Mix 0.25X10° HFF cells with 10°3S3-latex beads or PLL-latex beads and
incubate at 37°C with slow rotary motion for 30 minutes.

Place few drops on a PLL coated (10ug/ml) coverslip and incubate for 30
minutes at 37°C in a CO2 incubator.

Rinse the cells inAPBS and fix with 4% paraformaldehyde solution in PBS
Permiabilize the cells in 0.05% Triton-X-100 in PBS and rinse in PBS

Block with 1%BSA in PBS for 30 minutes at room temperature and rinse in
PBS

Incubate the coverslip with primary antibody (biotinylated anti-G3BP or
B3B11) diluted in PBS containing 0.1% BSA for 1 hour at room temperature
and rinse in PBS

Incubate with avidin-FITC diluted in PBS containing 0.1% BSA at 4C for 30
minutes. Rinse and mount the coverslip face down on a microscope slide

using slowfade mountant.
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2.5.9. Cell Wounding Experiment (Kulkarni et al, 2000).

1. Grow HFF cells on fibronectin coated coverslips in 10% FBS containing
medium until the cell layer becomes 70-80% confluent

2. Replace with serum free medium (serum starving) and incubate for another 24
hours for the cells to become 100% confluent

3. Make wounds by dragging a plastic yellow pipette tip across the cell layer,
rinse and replace with serum free medium and incubate for 2 hours

4. Rinse the cell layer in PBS, fix in 4% PFA (15 minutes) and permiabilize in
0.2% Triton-X-100 in PBS (5 minutes) before staining with primary and

secondary antibodies.
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3. RESULTS

3.1. B1 Integrin Ligand Binding Assay

To test whether the B1-integrin preparation used in the following experiment
was functional, a ligand-binding assay was performed using biotinylated fibronectin
as stated in materials and methods. The assay showed that the integrin preparation
was able to bind to its ligand (fibronectin) and that the binding was concentration
dependent (fig. 3.1) indicating that the preparation is functional. It also proved that
the protocol used for purifying B1-integrin from human placenta homogenate did
preserve the functionality of integrin. Therefore, B1-integrin samples prepared

likewise were used for fishing out integrin-associated molecules as given below.

3.2. A Fishing Strategy to Isolate Integrin Associated Molecules from Cell Lysaté
As a preliminary attempt to isolate integrin-associated molecules, the

cytoplasmic domain of B1 integrin was used to fish out mole;cules from fresh K562
cell lysate. This was done as described in materials and methods. Briefly, human B1
integrin was captured on to N29 'coupled Sepharose beads. N29 antibody binds to
residues 14-54 of B1 integrin (Wilkins et al., 1995) and therefore was the preferred
antibody to capture and to orient integrin with free cytoplasmic tails available for
binding molecules while fishing the lysate. This was then incubated with fresh K562
cell lysate to let molecules associate with B1 integrin’s cytoplasmic tail. K562 is an

erythrolymphoid continuos cell line that offers a good supply of cells in a short period
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Fig. 3.1: Determining the functionality of 1 integrin by ligand binding. Six doubling dilutions of biotinylated fibronectin were
incubated in ELISA plate coated with B1 integrin. The extent of ligand binding was then measured using a colorimetric assay
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of time. Unlike primary cell cultures, it is homogenous with minimal inconsistency
within the line. The isolated material was boiled to dissolve in gel-loading buffer and
the molecules resolved by SDS-PAGE under reducing conditions. Silver staining was
performed to visualize the isolated molecules and it revealed no new or intense bands
in the test lane in comparison to the control lanes (fig 3.2). This approach was not
pursued further because of its failure to provide any meaningful protein bands on

silver stained gel to be analyzed.

3.3. Isolation of Focal adhesion Complexes Using Ventral Plasma Membrane

The second approach was to prepare ventral plasma membrane (VPM) from
adherent cells and to isolate focal adhesion p;otein molecules for identification by
mass spectrometry. HEF cells (a semi-continuos cell line) were used for this
experiment becau_se of their tight adhesion property. Focal adhesion structures form at
the ventral side of an adherent cell where it makes contact with the extracellular
matrix. Clustered integrins and focal adhesion proteins constitute these
supramolecular complexes.

To optimize conditions of VPM preparation and to check the integrity of
adhesion complexes in VPM, cells were grown on fibronectin-coated coverslips and
VPMs were made by wet cleaving (Brands and Feltkamp, 1988). Briefly, a piece of
semi-dry nitrocellulose membrane was placed on adherent cells grown on fibronectin-
coated surface. The cells were then cleaved by lifting the membrane to obtain the

VPM. The preparation was fixed and double stained (without detergent
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Fig. 3.2: Isolation of integrin associated molecules using the cytoplasmic domain of B1 integrin. B1 integrin captured with N29-
beads was incubated with freshly made K562 cell-lysate.

Lane 1: B1 integrin-N29-beads incubated with lysis buffer (integrin control).
Lane 2: B1 integrin-N29-beads incubated with K562 cell lysate
Lane 3: N29-beads incubated with K562 cell lysate (lysate control).
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permiabilization) for B1 integrin and paxillin/vinculin (fig. 3.3 and fig. 3.4). Paxillin
and vinculin are two focal adhesion proteins that are known to colocalize with
integrin-containing adhesion sites. Demonstration of their colocalization with integrin
molecules in these experiments has proven that this protocol of VPM generation was
gentle enough to preserve the adhesion structures. It should also be noted that the
staining was performed without detergent permiabilization indicating the removal of
dorsal membrane of the cells.

To isolate adhesion complexes for biochemical analysis, VPM preparations
were made from cells grown on fibronectin-coated petridishes. The material thus
prepared was dissolved in hot gel-loading buffer and resolved by SDS-PAGE under
reducing conditions. To compare, an aliquot of whole cell lysate was run in the
adjacent lane. The gel was subsequently silver stained and the protein bands were
compared (fig.3.5). Contrary to expectations, there were no differences in the protein
band pattern observed between the VPM-lane and cell-lysate lane. Each of the bands
in the cell-lysate had a matching partner in the VPM-lane suggesting the impure
nature of the isolated VPM, i.e., the isolated VPM preparation contained
contaminated cellular proteins. It was obvious that the contaminants were from the
leftover plasma membrane remnants in the VPM preparation. Subsequent efforts
using lipase enzyme to remove the plasma membrane remnants while keeping the
adhesion complexes intact were unsuccessful. These experiments suggested that the

VPM preparation unsuitable for generating pure adhesion structures for biochemical
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Fig. 3.3: Double staining of VPM prepared from human foreskin fibroblasts.
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Fig. 3.4: Double staining of VPM prepared from human foreskin fibroblasts
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Fig. 3.5: Isolation of integrin associated molecules from VPM preparation. VPM preparation was dissolved in gel-loading buffer
(reducing) and the protein molecules were resolved on a 10% SDS polyacrylamide gel (lane 1). For comparison, an aliquot of cell
lysate was run along side (lane 2).
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analysis. Therefore, a third approach, using anti-integrin antibody coated magnetic

beads has been sought.

3.4. Induction and Isolation of Adhesion Complexes Using Antibody Coupled
Magnetic Beads

In this approach, adhesion complexes were induced by incubating cells with
anti-B 1-integrin antibody coupled magnetic beads (Plopper and Ingber, 1993). The
bound cells were lysed in cytoskeleton (CSK) buffer to isolate adhesion complexes
stuck to the beads. CSK buffer has been shown to maintain the integrity of
cytoskeleton and therefore this approach was thought to have the potential to isolate
adhesion complexes intact. An aliquot of the preparation thus isolated was probed for
some known focal adhesion proteins by immunoblotting (fig. 3.6). Talin, paxillin and
vinculin are well-studied focal adhesion proteins that have been co-
immunoprecipitated with B1 integrin. Detection of these molecules suggested that this
complex-isolation protocol was suitable to preserve these supramolecular complexes.
Moreover, their presence in 3S3-bead isolated material but not in the one isolated
with anti CD3-beads, proved the specificity of this interaction. Having seen these
results, it was decided to isolate adhesion complexes using this protocol and analyze
them by mass spectrometry.

3.5. Identification of the Isolated Molecules by Mass Spectrometry

Adhesion complexes were isolated by incubating 3X107 K562 cells with

3X10% 383 coupled magnetic beads at 37°C for 30 minutes. A sample observed under
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Fig. 3.6: Western blot analysis of an aliquot of adhesion complexes for some known focal adhesion proteins.
Lane 1: Material isolated with anti-CD3 beads,
Lane 2: Material isolated with 3S3 beads
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microscopy at the end of incubation showed rosetting of cells with 3S3-beads but not
with anti-CD3 coated beads (fig. 3.7), indicating the formation of cellular aggregation
due to the specific interaction of integrin and anti integrin antibody.

The material bound to the beads after cell lysis was subsequently washed,
dissolved in gel-loading buffer and resolved by SDS-PAGE under reducing
conditions (fig 3.8). Even though there were differences in the intensities of protein
bands between test and control lanes, a large number of non-specific bands were
present. However, B1 integrin and three integrin-associated molecules were present
only in the test but not in the control by western blot (fig. 3.6). Therefore, it was
decided to excise as many number of protein bands as possible from the test lane to
be identified by mass spectrometry. The specificity and validity of any molecule of
interest thus identified was decided to determine by demonstrating its presence only
in the ‘test’ but not in the ‘control’ by western blot analysis. For mass spectrometry
analysis, as many protein bands as possible were excised under transillumination and
subjected to in gel trypsin digestion as per materials and methods. The acquired mass
spectrometry data were used to search the protein database to identify the molecules.
To confirm the identity, a few peptides were selected from each mass spectrum and
subjected to tandem mass spectrometry.

25 molecules were identified by the mass spectrometry analysis (Table 3.1).
Surprisingly, neither B1 integrin nor any of the known integrin associated molecules
were detected by mass spectrometry. One molecule, RasGAP SH3 domain-binding

protein (G3BP) was studied further because of the reasons stated below.
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Fig. 3.7: Integrin-cross linking mediated cellular aggregation: K562 cells were incubated with 3S3-coupled magnetic beads
to induce adhesion complexes formation. Anti-CD3 antibody coupled magnetic beads were used as negative control.
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Fig. 3.8: Silver stained gel of adhesion complexes. Material isolated from 15X 106 cells using either 3S3-beads
(lane: 2) or anti CD3-beads (lane:1) were resolved on a 8% SDS-PAGE under reducing conditions.
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MS Identification

MS/MS Identification

Titin
Zinc Finger protein

No peaks

p100 co-activator

p100 co-activator

PTB associated splicing factor

PTB associated splicing factor

HSP 90 Chaperone protein

17-B hydroxy steroid dehydrogenase

17-B hydroxy steroid dehydrogenase

ABC transporter ABC transporter
Poly A binding protein Poly A binding protein
70kDa heat shock protein 70 kDa heat shock protein
G3BP G3BP

Nucleophosmin Nucleophosmin

Human hypothetical protein

Human hypoethetical protein
Unnamed protein

oTubulin oTubulin
Mouse y1 heavy chain Mouse y1 heavy chain
Tubulin B chain Tubulin B chain
Ig y chain Ig y chain

Integrin a-E chain
Zinc finger protein

Ribosomal protein

4 peaks

hnRNP U

Ribosomal protein 1.4

Ribosomal protein L4

Laminin-binding protein

Laminin binding protein

HnRNP protein X homolog HuoRNP protein X homolog

Ribosomal protein L4 Ribosomal protein L4

Acidic ribosomal protein Acidic ribosomal protein

60S ribosomal protein L6 60S ribosomal protein L6

hnRNP A2/B1 hnRNP A2/B1

60S ribosomal protein L5 60S ribosomal protein L5

Ribosomal protein S3 Ribosomal protein S3
Golgi membrane sialoglycoprotein Ribosomal protein

Ribosomal protein S4 Ribosomal protein S4
Ribosomal protein L7 Ribosomal protein L7

Table 3.1: Proteins isolated from the adhesion complexes. The ones that are bold in the
right column are of confirmed identity
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1) G3BP’s only known binding partner (at the time of this experiment) RasGAP'?
has been shown to influence cell polarity and cell migration, two of the known
integrin mediated processes (Kulkarni et al, 2000).

2) RasGAP'™ regulates the activity of Ras, and Ras has been shown to enhance cell
adhesion to extracellular matrix by activating integrin (Zhang et al, 1996).

3) G3BP homologue, rasputin knockout in developing Drosophila embryo interfered
with the photoreceptor recruitment and ommatidial polarity in the eye (Pazman et

al, 2000).

3.6. Mass Spectrometric Identification of G3BP

Band number 09 that appeared at about 65-70 kDa in the gel, gave 27 peptide
masses upon MS analysis (fig. 3.9). These masses were used to search the protein
database. Six of the masses (shown in figure 3.9) were identified as G3BP peptides
(fig. 3.10). It was rahked first with a MOWSE score of 2.05e+004.

MOWSE score is based on the scoring system described by Pappin et al
(1993). 1t is an acronym for Molecular Weight Search and is one of the first
algorithms developed to identify proteins by peptide mass fingerprinting. MOWSE
scoring was originally created from the OWL non-redundant protein sequence
database. The proteins in the database undergo theoretical digestion with the enzyme
used in the experiment. The resulting peptides are then placed in bins based on their
molecular weight and the intact molecular weight of undigested protein they originate

from. Each calculated mass value which falls within a given mass tolerance of an
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Fig. 3.9: Peptide finger print of band #09. Band#09 excised from the gel was trypsin digested and subjected to single-
mass spectrometry. The spectrum had twenty seven peak masses and were used to search the NCBInr protein database.
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MS-Fit Search Results

Press stop on your browser if you wish to short this MS-Fit search pmmatumljr.

Saraple ID (cormment): sample09

Database searched: NCBInr.§.28.2000

Full Molecular Weight range: 541351 entries.

Full pl range: 541351 entries.

Species search { MAMMALS ) selects 88585 entries.

MS-Fit search selects 124 entries (results displayed for top 10 matches).

Min. # Peptide Mass Peptide Di Max, # . . . Input #
. - Digest . Cysteines Peptide Peptide .
tl:eﬁﬁﬁi Tolera;we (- M:sr:es Used Ch];Imseds Modified by N terminus C terminus i;f:;g:
4 30.000ppm  moneisotopic Trypsin  ~ 1' i gg:bmmﬂomﬂxyhﬁon Hydrogen (H) Free Acid (O H) 27
Result Summar}r
#0%0) D
MOWSE Protein NCBInx.8.28.2000
Rank Masses Species L Proiein Name
Score Maiched MW (Da)pl , Accession #
1 205e+004 627 22%) 52164.5/5.37 ?P?S;IE%S 5031703 (U32519) GAP SH3 binding protein

Fig. 3.10: Mass spectrometric identification of G3BP. Twenty seven peak masses obtained from band #09 were used to
search the NCBInr protein database. Six masses were identified as that of G3BP which covered 22% protein(G3BP).
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experimental value counts as a match. Unmatched masses are ignored. The score for
each matching mass is assigned as the normalized distribution frequency value.
Rather than just counting the number of matching peptides, MOWSE uses empirically
determined factors to assign a statistical weight to each individual peptide match.
After searching the experimental mass values against calculated peptide masses, the
score for each entry is calculated. Matches using mass values are handled on a
probabilistic basis. The total score is the absolute probability that the observed match
is a random event. Reporting probabilities directly can be ambiguous because a
“high” score is a “low” probability. Therefore, the scores are reported as —
10*¥*LOG ¢(P), where P is the absolute probability. An event is commonly considered
significant if it occurs at random with a freqﬁency of <5%. Therefore, scores greater
than 69 are (p<0.05) significant (www.matrixscience.com/help/scoring
help.html). The MOWSE score for G3BP was 2.05¢+004 (i.e., 20500) and ranked 1.
To further -conﬁrm the identity, three peptides, 1210.6, 1232.7, and 1573.8
were subjected to tandem mass spectrometry. There were 32 ions generated from
peptide 1210.6 (fig. 3.11). The masses of those 32 ions were input for the subsequent
protein database search that confirmed the peptide as that of G3BP (fig. 3.12). Similar

results were also obtained with the other two peptides (figs. 3.13, 3. 14, 3.15 & 3.16).
3.7. Westernblot Identification of G3BP in Adhesion Complexes

To identify G3BP by a conventional antibody based technique, an aliquot of

adhesion complexes was subjected to western blot analysis using a monoclonal
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Fig. 3.11: Tandem mass spectrum of peptide 1210.6. Peptide 1210.6 was subjected to tandem mass spectrometry that generated 32 ions.
These masses were used to search the NCBInr protein database
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MS-Tag Search Results

Press stop on your browser if you wish to ebort this MS-Tag search prematuml;r

Sample ID {comment): sample09, 1210,527

Database searched: NCBInr.9.28.2000

Full Molecular Weight range: 541351 entries.

Full pl range: 541351 entries,

Species search { MIAMNMALS ) selects 89585 entries.
Number of sequences passing through parent mass filter: 898
MS-Tag search selects 2 entries,

Parent mass: 1210.6270 -+~ 30, 0000 pm)

Fragment Ions used in search: 158.09, 175,11, 190.08 207.08, 209.13, 212.11, 230.07, 233.16, 237.12, 252.10, 283 13, 305.15, 311.13, 349.12, 367.13,
435.26, 466.20, 480.22, 519.26, 547.28, 550,29, 627.31, 647.31, 650. 26, 664.34, 776.33, 889.41, 1036.45, 1055.61, 1123.61, 1141, 62, 1193.56 ¢-+- 50.00
Fpm) N

Composition Ions present: HFY

Ion Types Considered: a-NH3 a b h-NH3 b-H20 h+H20 ¥ y-NI-B yH201

Search UM&: ie d Peptide Masses Digest Max. # Missed Cysteines Peptide Peptide

Mode mIn& are Used Cleavages Modified by N terminus C terminus
identity ;rlts moneisotopic Trypsin 1 cathamidomethylation Hydrogen () Free Acid (O H)

Result Summary
# MH*  MH* :
Rank Unmaiched Sequence Calculated Error M{P,? (g;l;fpl Species NC;I:;S;&?OG Protein Name
Tons Da) (Da)
MUS - (AB001927) ras-GTPase-activating
1 12732 (KEYVHNDIFR(Y) 1210.6009 0.0261 51829.0 /5,41 MUSCULUS 7305075 protein SH3-domain binding protein
1 1232 (OFYVHNDIFR(Y) 1210.6009 0.0261 521645 /5.37 ?f;f&s 5031703 (U32519) GAP SH3 binding protein

Fig. 3.12: Tandem mass spectrometric identification of G3BP. Masses of 32 daughter ions obtained from peptide 1210.6
by MS/MS were input to search the protein database.
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Fig. 3.13: Tandem mass spectrum of peptide 1232.7. Peptide 1237.7 was subjected to tandem mass spectrometry that generated 28 ions.
These masses were used to search the NCBInr protein database
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MS-Tag Search Results

Press stop on your browser if you wish to ebort this MS-Tag search pmmaturely

Saraple ID (comment): sample09, 1232.704

Database searched: NCBInr.8.28.2000

Full Molecular Weight range: 541351 entries.

Full pl range: 541351 entries.

Species search { MAMMALS ) selects 89585 entries.
Nurber of sequences passing through parent mass filter: 648
MS-Tag search selects 2 entries,

Parent mass: 1232.7040 (+/- 30.0000 ppm) ,

Fragment Ions used in search: 175,11, 183.14, 185.18, 202.07, 211.13 213.15, 237.12, 300.18, 324.13, 341.15, 436.21, 454.24, 489. 26, 542.34, 553.33,
§70.34, 646.35, 663.38, 752.47, 883. 52 929.51, 1030.55, 1058 58, 1076 60 1172.66, 1190.65, 1197.66, 1215.64 (+- 50.00 ppm)

Composition Ions present: F

Ion Types Considered: a-NH3 ab bh-NH3 »-H20 h+H20 ¥ y-NHB y-HZO I

Search UMﬁJ:. fe d Peptide Masses Digest Max. # IMissed Cysteines ‘ Peptide Peptide

Mode ~1°° are Used  Clavagess  Modifiedby Nterminus  C terminus

identity ‘i”s‘s monoisotopic  Trypsin 1 carthamidomethylation Hydrogen (H) Free Acid (O H)

Result Summary
# MH* MH* : .
Rank Unmatched Sequence Calculated Error Ml\;vm(g;‘,pl Species Ncﬂ’:ﬁfﬁﬁ“"“ Protein Name
Tons (Da) (Da)
MUS {AB001927) ras-GTPase-activating
1 828 (OVLSNRPIMFR(G) 1232.6938 0.0102 51829.0 /5.41 o= o0 oo BOS0TS e SHA.domain bind prote
1 828  (QVLSNRPIMFR(G) 1232.6938 0.0102 52164.5 /5.37 ?f;f&s 5031703 (U32519) GAP SH3 binding protein

Fig. 3.14: Tandem mass spectrometric identification of G3BP. Masses of 28 daughter ions obtained from peptide 1210.6 by
MS/MS were input to search the protein database.
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Fig. 3.15: Tandem mass spectrum of peptide 1573.8 . Peptide 1573.8 was subjected to tandem mass spectrometry that generated 27 ions.
These masses were used to search the NCBInr protein database
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MS-Tag Search Results

Press stop on your browser if you wish to abort this MS-Tag search prematurely.

Sample ID {cormment): sample09, 1573.807

Database searched: NCBInr.8.28.2000

Full Molecular Weight range: 541351 entries.

Full pl range: 541351 entries,

Species search { MAMMALS ) selects 89585 entries.
Number of sequences passing through parent mass filter: 785
MS-Tag search selects 1 entry,

Parent mass: 1573.8070 (+/- 30.0000 ppm)

Fragment Ions used in search: 158.08, 175.11, 198.08, 229, ll 235.10, 263, 09 271.16, 276.13, 288.20, 335.13, 363.15, 382.19, 410.16, 516.30, 521.24, 538, 22, 607.26, 625.27, 632.29, 712,39,
949.51, 1036.53, 1058.45, 1147.56, 1458.72, 1555.74 (+J'- 50.00 ppm)

Composition Ions present: F¥

Ion Types Considered: 2-NH3 ab h-NH3 b-H20 b+H20 y y-NH3 y-H20 1
Max. #

Search Unmatched Peptide Masses Digest IMax. # Missed Cysteines Peptide Peptide
Mode mIna ¢ are Used Cleavages Modified by N terminus C terrinus
identity ‘;B‘s monoisotopic  Trypsin 1 carbamidomethylation Hydrogen () Free Acid (O H)
Result Summary
# MH*  MH*
Rank Unmatched Sequence Calculated Error Mgu(g:)lfpl Species ch::zfi::iﬂu“ Protein Name
Tons (Da) (Da)

1 421  (@EDFFQSYGNVVELR(D 1573.7651 0.0419 521645 /5.37 HOMO SAPIENS 5031703 (U32519) GAP SH3 binding protein

Fig. 3.16: Tandem mass spectrometric identification of G3BP. Masses of 27 daughter ions obtained from peptide 1210.6
by MS/MS were input to search the protein database.
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antibody to G3BP (fig. 3.17). Material isolated using anti-CD3 antibody coated
beads did not contain G3BP suggesting its specific presence in adhesion complexes
should B1 integrin was also present only in the material isolated using 3S3-beads but

not anti-CD3 coupled beads.

3.8. Determination of G3BP1 Vs G3BP2

There are two RasGAP SH3 domain-binding proteins described, G3BP1 (or
simply G3BP) and G3BP2. G3BP2 has two isoforms, A and B produced by alternate
splicing (isoform B lacks residues 243-275). To determine the type of G3BP in the
adhesion complexes, amino acid sequences of both proteins were retrieved from
SWISS-PROT database (accession numbers Q13283 and QYUNS6 for G3BP1 and
G3BP2 respectively) and were aligned using clustal program at EMBL
(http://www.ebi.ac.uk/clustalw/). The three peptides (1210.6, 1232.7, and 1573.8),
whose sequences were confirmed by tandem mass spectrometry, were found only in
G3BP1 but not in G3BP2. To determine the peptide masses of sequences from the
same region of G3BP2, PeptideMass, a peptide mass calculation tool at the Expasy
website (http://ca.expasy.org/todls/peptide-mass.html) was used. Masses 1228.6,
1201.7 and 1574.8 were resulted (fig. 3.18) from G3BP2 instead of masses 1210.6,
1232.7, and 1573.8 of G3BP. All these data were put together in figure (3.19). To
further confirm, G3BP2 sequences were subjected to i silico trypsin digestion using

Ms-Digest, a protein digestion tool from the UCSF Mass Spectrometry Facility
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Fig. 3.17: Westernblot identification of G3BP in focal adhesion complexes. Focal adhesion complexes were prepared from 6X10°
HFF cells using 120X10°3S3-magnetic beads. Complexes from 1X10 and 5X106 cells were analyzed for integrin and G3BP
respectively. Anti-CD3 antibody coupled beads were used instead of 3S3-beads as negative control.
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| Peptide Mass

mass  |position |#MC | artif. modification(s) [peptide sequence

1228557} 1.9 0 FYVHNDMFR
mass position HMC artif.modiﬁcaﬁogs] peptide sequence
1201.749| 2-11 0 ILIAKPIMFR

mass  |position |#MC |artif. modification(s) |peptide sequence
1574367 1-13 o EFFMSFGNVVELR

Fig. 3.18: Masses of three G3BP2 peptide sequences, whose positions are corresponding to that of
three G3BP peptides, 1210.6, 1232.7, and 1573.8
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RNA-binding protein isoform G3BP-2a [Homo sapiens] 482 aa

CLUSTAL W (1.81) multiple sequence alignment

[Homo sapiens] 466 aa
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Fig. 3.19: Amino acid sequence alignment of G3BP1 & 2. All the three peptides (1210.6, 1573.8,
1232.7) analysed by tandem mass spectrometry were identified as derived from G3BP1but not
G3BP2. Masses in parenthesis are the ones that would have resulted if the peptides were from

G3BP2.
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(http://prospector.ucsf.edu/ ucsthtml3.4/msdigest.htm). None of the of the resulting

peptides had the masses 1210.6, 1232.7, and 1573.8 (fig.3.20).

3.9. Integrin Clustering is Required for the Recruitment of G3BP

G3BP is a cytosolic protein and to test whether it is constitutively present in
the adhesion complex or translocated to it upon integrin clustering, a cell lysate
prepared in CSK buffer was incubated with 3S3-coupled magnetic beads and
subsequently analyzed by immunoblotting for G3BP (fig. 3.21). Only B1 integrin was
detected but not G3BP, suggesting the requirement of integrin clustering for G3BP’s
recruitment on to adhesion complexes.
3.10. Serum-Independent Recruitment of G3BP

It has previously been shown that G3BP, a cytosolic protein gets translocated
to the membrane up on serum-starvation of the cells and under serum-fed conditions
it is not demonstrable in the cell membrane (Gallouzi et al, 1998). To see if G3BP’s
recruitment to adhesion complexes is also dependent on the presence or absence of
serum in the culture, adhesion complexes were isolated from serum-fed and 30 hours
serum-starved cells and analyzed by immunoblotting. G3BP was present in both
preparations suggesting its serum independent recruitment to adhesion complexes
(fig.3.22).
3.11. Microscopic Demonstration of G3BP Localisation in Adhesion Complexes

To visualize G3BP in adhesion complexes, HEF cells were incubated with

383 or PLL-coupled latex beads and then layered on PLL coated coverslips. The cells
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MS-Digest Results

Protein Name: RAS-GTPASE-ACTIVATING PROTEIN BINDING PRO'IEIN 2 (GAP SH3-DOMAIN BINDING PROTEIN 2)(G3BP-2)
Species: HUMAN
SwissPro1.9.2.2001 Accession #: QIUNSS
MS-Digest Index #: 99212
pl of Protein: 5.41
. Protein MW: 541115 Da
Amino Acid Composition: A17 C1 D23 E58 F19 G46 H13 113 K22 126 M12 N21 P48 Q21 R42 §34 T15 V38 W1 Y11

Stari End mz Missed Sequence
(mi) . - Cleavages

217 224 1003.4948 T (K) NLEELEEK (S)

12 25 1042.5573 0 (R) Q¥ YTLLNK (&)

243 252 1083.5475 0 (K) AFSWASYTSK (N}

388 397 ‘12017495 0 (R) ILIAKPIMFR (G) |

124 132 1228.5573 0 (K) FEYVHNDMEFR (Y}

312 322 1280.4%13 0 {R) GDMEONDSDMNR (R)

206 216 13296902 0 (K) TEELKPOVEEK (N)

65 76 1434.7051 0 (K} YLSLNFSECHTK ()

1 13 1456 8020 0 ) MVMEKPSPLLVGR (E)

278 290 1464.7811 0 i {R) YEAKPEVOSOPPR (V)

349 361 1574.7677 0 {K) EFFMSFONVVELR (I)

253 270 17639292 0 (K) NLPPSGTYSSSGIPSHVK (A)
108 123 1764.8995 0 (K) FMOTFYLAPEGSYPNK (F)
225 242 1871.9755 0 (K) STTPPPAEPVSLPQEPPK (&)
2N 2%7 10A5 G711 n KV T PNECARTIETINSERPYAR (M

Fig. 3.20: in silico digestion of G3BP2. Masses of peptides that are closer to the three G3BP1 peptides
(1210.6, 1232.7, and 1573.8) are shown in red
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Fig. 3.21: Integrin clustering is a requirement for G3BP recruitment. 6X 108 HFF cells were lysed in CSK buffer
and incubated with 120X108 3S3-magnetic beads. Material in the beads were tested for B1 integrin and G3BP
by immunoblotting. Complexes from 1X10° and 5X10 cells were analyzed for integrin and G3BP respectively.
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Fig. 3.22: Serum independent recruitment of G3BP.

Lane 1: Serum starved, Lane 2: Serum fed
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were PFA fixed, detergent permiabilized and subsequently stained for G3BP or B1
integrin. Presence of G3BP was readily visible around the 3S3 beads but not around
the PLL coated beads and was identical with the appearance of B1 integrin around the

beads (fig. 3.23).

3.12. RasGAP™ s also Present in the Adhesion Complexes

The only known binding partner of G3BP (at the time of this experiment) was
RasGAP'™, To determine if RasGAP'® also present in the adhesion complexes, an
aliquot of adhesion complexes was probed for RasGAP!% by western blotting. It
revealed its presence in adhesion complexes (fig.3.24), suggesting the possibility of
G3BP recruitment along with RasGAP'%°,
3.13. Functional relevance of G3BP in Adhesion Complexes

Loss of rasputin, Drosophila homologue of G3BP (Pazman et al; 2000) or
RasGAP'?’, G3BP’s binding partner have been shown to interfere with cell polarity
and cell migration (Kulkarni et al, 2000). To determine if G3BP also had a similar
effect, cell-wound assay was performed on a confluent layer of HFF cells. To
visualize the entire cell migrating towards the wound, especially the leading edge
(lamellipodium and filopodium), phalloidin-FITC was used along with G3BP
staining. Filopodial structures contained G3BP close to the leading edge (figs. 3.25).
However G3BP was excluded from the lamellipodial structures (fig. 3. 26).

To test whether G3BP’s translocation towards the cell periphery was time-

dependent, HFF cells were allowed to adhere and briefly spread on fibronectin-coated
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Fig. 3.24: Recruitment of RasGAP'® to adhesion complexes. Adhesion complexes prepared from 8X106
HEFF cells were probed for the presence of RasGAP'2° by immunoblot.

Lane 1: Anti CD3-bead isolated material

Lane 2: 3S3-bead isolated material
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Fig. 3.25: Cell-wound Assay. G3BP and phalloidin double staining showing G3BP in filopodial structure of a migrating cell
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Wound Wound

Fig. 3.26: Cell-wound Assay. G3BP and phalloidin double staining showing lamellipodium of a cell migrating
towards the wound with G3BP excluded (arrow)
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coverslips before doubly staining with phalloidin and G3BP. It appeared that the cells
during the early stage of adhesion and spreading retained G3BP within the cortical
actin (fig. 3.27). However, later in the process of spreading the cortical actin became
less pronounced and G3BP starts appearing at the spreading edges of the cell (fig.
3.28). Thus it appears that the accumulation of G3BP on to the spreading edges of the

cells is temporal.
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Fig. 3.27: G3BP and phalloidin double staining. G3BP is retained within the cortical actin of a cell beginning to spread
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Fig. 3.28: G3BP and phalloidin double staining. A spreading cell has G3BP as far as its outer edges

98



4. DISCUSSION

The objective of this project was to isolate the integrin containing adhesion
complexes intact and identify their true molecular composition using mass
spectrometry analysis. Understanding the molecular composition and stoichiometry
of these supromolecular complexes would lead us to understand the adhesion process.
Three different methods were attempted to isolate the adhesion complexes intact. One
of the methods identified a molecule, G3BP, in adhesion complexes that was
previously unknown as part of adhesion complexes. Identification of G3BP in
adhesion complexes wouldn’t have been possible without mass spectrometry based
protein identification.

Some of the molecules in the adhesion complexes may interact weakly,
transiently and/or exist in minute quantities, making it extremely difficult to isolate |
adhesion complexes intact. These together with the enormous number of non-
specifically bound proteins failed to provide pure adhesion complexes by all the three

methods, which are discussed in detail below.

4.1. Fishing Approach

What are the possible reasons for the failure of this approach
D The integrin used in this experiment was functional by its ability to bind to
one of the ligands, fibronectin. However, it was a total human B1 integrin preparation,
exact integrin species and the type of B1 integrin isoforms present were unknown. It

has been shown that 1B isoform negatively affect the function of B1A, the
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ubiquitous B1 isoform (Balzac et al, 1994). Therefore, it is possible that the presence
of this dominant negative isoform in the 1 preparation prevented other B1 isoforms
from binding to focal adhesion protein molecules.

2) It is known that, integrin molecules upon ligand binding move laterally across
the cell membrane and cluster (Kucik et al, 1996; Yauch et al, 1997). Integrin
clustering is necessary for the accumulation of some cytoskeletal molecules
(Miyamoto et al, 1995; Miyamoto et al, 1995). This leads to signaling that recruits the
molecules to and associate with the cytoplasmic domain of integrin. In this
experimental approach, the integrin molecules were not on the semi-fluid cell
membrane, its normal habitat, but on solid sqbstrate, the beads. This was the major
drawback of this experimental approach. But in an elegant study, Goldmann (2000)
has shown purified allbf3 integrin binding directly to known focal adhesion proteins |
such as talin, filamin, f-actin and a-actinin. But he has used purified focal adhesion
proteins instead of cell lysate. He has also demonstrated the binding affinity of these
molecules with integrin as low (K4 between 0.4 pM to 5uM). Moreover, higher
concentration of integrin and focal adhesion proteins (3uM) were required for them to
interact. Therefore, the major ex;:eption of the current experiment with that of
Goldmann’s is that the concentration of reactants was much lower. His buffer salt
concentration was also lower, 56 mM in comparison to 130 mM used in the current
study. However, there were no differences in the protein bands between the test and

controls in the experiment that I have performed. Failure of this approach to pick up
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any focal adhesion proteins could also be due to the limited resolving power of

single-D gel electrophoresis.

4.2. VPM Approach

Ventral plasma membrane preparations were used in the past for various
studies. For example, immunostaining of intracellular antigens on the cytoplasmic
side of plasma membrane without perturbations by fixatives and detergents (Brands
and Feltkamp, 1988), to study the assembly of clathrin coated pits on plasma
membrane (Moore et al, 1987), to enrich plasma membrane proteins (Wang et al,
1999), and to study the transport of viral glycoproteins from the trans-golgi network
to the basolateral plasma membrane (Mayer et al, 1996). VPM preparations thus,
were proven to be excellent models to study membrane-bound structures from within |
the cell.

As for the integrin, VPM preparations have been used to study focal adhesion
components and associated cytoskeleton (Anvur and Geiger, 1981; Gates et al, 1993;
Cattelino et al, 1999). However, these studies were largely focused on the behavior of
focal adhesion contacts and integrin molecules on the intact membrane, rather than
isolating adhesion complexes for biochemical analysis. Anvur and Geiger used VPM
preparations to study the effect of pH on the membrane contacts with the substrate.
They have found at pH 7.0-7.2 the attachment was mediated predominantly by focal
contacts, whereas at pH 6.0 the membrane reversibly formed extensive close contacts

with the substrate (Avnur and Geiger, 1981). Cattelino et al, have used VPM to
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explore the mechanisms regulating integrin distribution and function on the plasma
membrane. They have reported high Ca™ concentrations induce quasi-reversible
diffusion of B1 integrins out of focal adhesions, whereas low Ca™* concentrations
induce irreversible recruitment of B1 receptors along extracellular matrix fibrils.
Their further experiments with cells expressing truncated B1 integrin proved the
requirement of cytoplasmic domain for low Ca™ induced recruitment of integrins to
the matrix fibrils (Cattelino et al, 1999).

One major attraction of VPM preparation for isolating adhesion complexes
intact was it did not involve detergent usage, and therefore expected to keep all the
molecules together that are interacting weakly and/or hydrophobically. However, the
experiments performed for this thesis failed to produce clean adhesion complexes for
mass spectrometry analysis. It was because of the contaminant proteins from the
plasma membrane remnants of VPM. Different dilutions of phospholipase enzyme
treatment failed to remove the plasma membrane remnants while keeping the
adhesion complexes intact. Therefore, it is logical to conclude that VPM preparation
as unsuitable for adhesion complex isolation for mass spectrometry analysis. This
preparation could be ideal for a system, for example laser tweezers, where individual
focal adhesion complexes can be picked up and analyzed by mass spectrometry. But
the current sensitivity range of mass spectrometry requires an impractical number of
complexes to be picked up for such analysis. A subtraction/differential approach was

another thing that could have been done, where the protein bands obtained from the
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VPM preparation were compared with that derived from a preparation of plasma

membrane.

4.3. Antibody Coupled Bead Approach

This approach was able to identify 25 molecules by mass spectrometry but
failed to detect any of the known focal adhesion proteins including B1 -integrin. B1-
integrin and three known focal adhesion proteins were detected by immunoblotting in
3S3-beads isolated material but not in anti-CD3-beads isolated material. This shows
that the mass spectrometry analysis failed to detect some molecules that were present
in the complexes.

There were a large number of protein bands in the silver-stained gel. It
appeared that most of them were non-specifically bound to the beads since material
isolated with anti-CD3 coupled beads also contained an enormous number of bands.
Because of the enormity of bands together with the limited resolving power of single-
D gel, it was impossible to excise all individual protein bands separately for trypsin
digestion. So, the multiple number of proteins in the gel piece may have undergone
disproportionate trypsin digestion resulting in the generation of peptides from one
protein over others. This could partly explain why some molecules were not detected.
Moreover, Peptide fingerprint generated from a mixture of proteins could fail the
algorithm of the program used to search the database.

When more than one protein is present in MALDI analysis, one may

predominate over the other in the mass spectrum. This phenomenon is known as ion

103



suppression or signal depletion (Sterner et al, 2000). In some cases, a protein can be
observed if it is loaded as a pure sample, but if it is loaded in a mixture with other
proteins, its intensity may be suppressed. Ion suppression can be quite severe for
complex mixtures and it could explain part of the reason for failing to identify
molecules of interest.

Very faint protein bands (that are of interest) among large number of
background bands may have missed excision and therefore not detected. Every effort
was made to excise regions of gel that contained bands. Gel pieces were also
intentionally cut and analyzed from regions at and around B1 integrin’s location (130
kDa). But none of those samples yielded B1 integrin. Why MS did not detect integrin
while it was detected by immunoblotting? Some recent data from our lab (Wilkins,
personal communication) indicates that purified 1 integrin in solution when MS
analyzed without deglycosylation, detected peptides that covered only about 50% of
the molecule as opposed to 72% after deglycosylation. Peptide-masses are computed
by adding the masses of aminoacids in them. Glycosylation of any residue in the
peptide will offset this calculation and therefore glycosylated peptides won’t be
identified as that of B1 integrin by the database search program. Moreover, heavily
glycosylated protein molecules may not be readily accessible to the protease
enzymes. In the present experiment, none of the gel pieces were treated with
deglycosylating enzymes. Thus, this factor may also have contributed to the failure of

detecting integrin.
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The antibody-bead induced adhesion complexes may not have contained the
adhesion complexes as intact as one would have hoped for. The detergent contained
in the extraction buffer may have disrupted hydrophobic interactions of the molecules
in the complexes. Microscopic examination of an aliquot of beads after lysing the
cell-bead clusters in the CSK buffer did not remain as aggregates but as uniform
suspension. Therefore, it is reasonable to believe that the detergent disrupted the
complexes leaving only a limited amount of strongly associated molecules stuck to

the integrin to be detected by immunoblotting.

4.4. G3BP

One of the 25 molecules, RasGAP SH3 domain binding protein (G3BP) was
of interest because of its known association with RasGAP'2’. RasGAP'? is a
molecule involved in cell migration and polarization (Kulkarni et al, 2000). In
addition, RasGAP' also regulates Ras activation, and Ras activation has been shown
to stimulate membrane ruffling and lamellipodia formation (Bar-Sagi and Feramisco,
1986; Ridley et al, 1992). Ras is able to activate integrin (Zhang et al, 1996) and
suppression of Ras inhibits cell spreading (Fox et al, 1994; Ridley et al, 1995; Nobes
and Hall, 1999).

Ras prqteins belong to a family of low molecular weight GTPases that are
essential for receptor mediated signal transduction pathways controlling cell
proliferation, differentiation and cytoskeletal organization (Lowy and Willumsen,

1993). They are molecular switches that in inactive state are bound to GDP and
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become activated by binding to GTP (McCormick, 1994). Extracellular stimuli
activate Ras through a series of protein-protein interactions involving activated
receptors and adapter proteins (Pawson, 1995; Schlessinger, 1993). In the GTP-bound
active state, Ras interacts with and activates downstream targets (Bourne et al, 1990;
Lowy and Willumsen, 1993). Key signalling pathways downstream of Ras are the
Raf/ERK kinase cascade and PI3-kinase/Akt, both being involved in proliferative and
survival signal triggered by Ras (Downward J, 1998). The active or inactive
conformational state of Ras is regulated by two kinds of proteins, guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins (GAPs) (Boguski and
McCormick, 1993; Wittinghofer et al, 1997). GEFs increase the dissociation of GDP
allowing GTP to bind to Ras. GAPs inactiva;ce Ras by accelerating the GTP
hydrolysis. Five mammalian GAPs for Ras have been described including RasGAP'?°
(Trahey and McCpnnjck, 1987; Vogel et al, 1988).

In addition to being a negative regulator of Ras, RasGAP'2 also function in
the transduction cascade (Moran et al, 1990; Tocque et al, 1997). The carboxy-
terminal region of RasGAP'?’ has a catalytic domain, which binds Ras-GTP and
accelerates GTP hydrolysis (Gawler et al, 1995; Pawson T, 1995). In the amino-
terminal region, there is an SH3 (Src Homology 3) domain flanked by two SH2
domains that mediate interaction with signalling proteins. A plekstrin homology (PH)
domain and a stretch of amino acids involved in calcium regulated binding of
phospholipids, which mediate interactions with the plasma membrane are also

situated at the amino terminal (Tocque et al, 1997). RasGAP'? induces gene
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expression in a Ras-dependent manner (Medema et al, 1992; Schweighoffer at al,
1992) and is required for Ras-induced transformation (Clark et al, 1997). Cells
cultured from RasGAP'?® mutant embryos exhibited cell migration and cell polarity
defects (Kulkarni et al, 2000). RasGAP'?° has also been implicated in cytoskeletal
regulation and cell survival. RasGAP'?® knock out mouse embryos exhibit vascular
defects resulting from altered cell migration (Henkemeyer et al, 1995). RasGAP!?°
per se is able to trigger stress fiber formation by stimulating Rho activity, and a
monoclonal antibody to the SH3 domain of RasGAP'? blocked Rho dependent
cytoskeletal reorganization and DNA synthesis induced by growth factors in mouse
Swiss 3T3 fibroblasts (Leblanc et al, 1998). Microinjection of anti RasGAP'2
antibody induced massive apoptosis in severél tumor cell lines but not in normal cells
(Leblanc et al, 1999). Therefore, the summary of the above data is that RasGAP% is
necessary for the normal behavior and survival of the cells, blocking its activity
é,ffects cell function leading to apoptosis. Upon activation, RasGAP'?° becomes
phosphorylated and associates with other proteins and phosphorylated tyrosine kinase
receptors via its SH3/SH2 domains. It also complexes with G3BP using SH3 domain.
G3BP is a ubiquitously expressed 68 kDa cytosolic protein. It has 466 amino
acids with sequence homology to the ﬁeterogeneous nuclear RNA-binding protein
superfamily: two ribonucleoprotein motifs (RNP1 and RNP2), RG-rich domain, and
acidic sequences but lack KH domain (fig. 4.1). It physically associates with the SH3
domain of RasGAP'?, This association occurs only in serum-fed dividing cells but

not in serum-starved quiescent cells suggesting the recruitment of the complex when
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Fig.4.1: Schematic diagram of G3BP (Soncini et al, 2001)
RNP: RNA binding motif, RG: Arginine Glycine rich domain
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Ras is in its active conformation (Parker et al, 1996). The recruitment of the complex
and its association with the plasma membrane is consistent with a recent study
showing the activation of Ras occurring at the peripheral plasma membrane
(Mochizuki et al, 2001). This association is time dependent after serum addition to
the cell culture, it occurs at 1 hr and 8 hr but not in between. However, the level of
G3BP is constant throughout the cell cycle (Gallouzi et al, 1998). G3BP has an
intrinsic endonuclease activity that was demonstrated by its ability to cleave the 3°-
untranslated region of human c-myc mRNA (Gallouzi et al, 1998). G3BP gets
extensively phosphorylated at its serine residues, and its RNase activity is dependent
on this phosporylation (Gallouzi et al, 1998). Although it exhibits strong RNase
activity, the primary amino acid sequence has no overall similarity to any known
nucleases. Its absence of interaction with RasGAP'? in quiescent cells corresponds to
the accumulation of a soluble hyperphosphorylated form of G3BP with RNase
activity in the cytosol. It is vital to rapidly degrade specific mRNAs that encode
critical regulatory proteins that function only briefly during cell division. A central
focus of the turnover of many cell cycle regulated mRNAs is the initiation of
degradation by endonucleolytic cleavage, usually in the 3°UTR of targets. G3BP’s
RNase activity was demonstrated using human c-myc mRNA as targets and it cleaved
the 3°UTR of c-myc and therefore initiate mRNA turnover. RNase activity in general,
therefore, G3BP’s RNase activity should not be considered as specific to c-myc
mRNA but rather to attack almost any exposed U-rich motifs. In this context, G3BP

acts as a growth factor (GF) sensor. When GF is withdrawn G3BP RNase is activated
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and degrades mRNA whose expression is necessary for cell cycle progression.
Conversely, when quiescent cells are stimulated with serum, RasGAP'?°-G3BP
complexes were formed and translocated to the plasma membrane. Subsequently,
several mRNAs were allowed to transcribe and translate for the cell proliferation.

Even though SH3 domain of RasGAP™° binds to G3BP, the motif of G3BP
binding to RasGAP'® is unknown. SH3 (Src homology 3) domains, first discovered
in Src tyrosine kinase (Mayer et al, 1988), are widely distributed among proteins
involved in the control of cell proliferation and differentiation (Mussachio et al,
1992). SH3 domain directs protein-protein interactions necessary for protein function
or subcellular localization. SH3 domains contain a site composed of well-conserved
aromatic residues (Booker et al, 1993; Yu et al, 1992). All SH3 domain-binding
proteins contain a short contiguous proline-rich sequences that mediate binding to -
SH3 domains. Short proline-rich stretches of 10 amino acids were first defined as the
minimal requirement for SH3 binding (Ren et al, 1993). The minimum sequences
required for SH3 binding was later demonstrated as PXXP in human
immunodeficiency virus Nefprotein (Saksela et al, 1995). However, the amino acids
flanking this site can provide further binding specificity (Weng et al, 1995). In G3BP
there are two PXXP motifs at 294-297 (PQRP) and 431-434 (PGGP) but not proved
are the region docking to SH3 domain of RasGAP'?.

All this G3BP literature is consistent with that of RasGAP'?’. RasGAP'? is
required for cell survival and growth, it binds to G3BP and translocate it away from

the cytosol allowing cells to divide. Therefore, one would assume that over-
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expression of G3BP would halt the cell division. But it turned out to be false. Guitard
et al (2001) have shown that G3BP over expression promotes cells to S phase and this
transformation of cells were dependent on the presence of intact RNP domain in
G3BP. They have also shown that in cells obtained from various tumours contained
5-10 times more G3BP protein than normal cells.

One recent paper describes a second binding partner for G3BP. G3BP
associates with USP10 (ubiquitin specific protease 10) and inhibits its ability to
disassemble ubiquitin chains (Soncini et al, 2001). Ubiquitination of protein to be
degraded is fundamental for the regulation of biological pathways. The specific
attachment of ubiquitin to target protein is achieved via a cascade of reactions
involving ATP molecules and enzymes. Ubiquitinated proteins are recognized by the
proteasome for their degradation process. Ubiquitination also acts as a targeting
signal delivering the proteins to different locations in the cell and potentially
modifying its activity, interactions or half life (Laney and Hochstrasser, 1999).
Protein ubiquitination can be reversed (de-ubiquitination) and is catalyzed by
specialized thiol proteases known as de-ubiquitinating enzymes (Ciechanover et al,
2000). More than 60 of these enzymes have been identified and they are classified in
to two families; Ubiquitin C-terminal hydrolases and Ubiquitin-specific proteases
(D’Andrea and Pellman, 1998).

USP deregulation has been detected in cancer. Overexpression of a mouse
cDNA for USP4 leads to oncogenic transformation of NTH3T3 cells (Gupta et al,

1993). Human USP4 mRNA was found to be elevated in small cell lung carcinomas
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and adenocarcinomas of the lung (Gray et al, 1995). A mouse USP over expression
resulted in growth arrest indicating its growth suppressive effect (Zhu et al, 1996).
The same group isolated a highly related protein that is specifically induced by IL-2
(Zhu et al, 1997). Microinjection of anti USP8 prevents fibroblasts from entering S
phase in response to serum stimulation (Naviglio et al, 1998). USP10 interacts with
G3BP both in vivo and in vitro and G3BP inhibits its activity (Soncini et al, 2001).
But G3BP failed to interact with two other USPs tested; USP4 and USPS. This
interaction was stable and appeared in both growing and quiescent human fibroblasts
and also RasGAp'?® was not detected in this complex, implying this association
RasGAp'? independent. The biological role of USP10 is unknown at present. No
SH3 binding site or domain was detected in ﬁSPlO. The involvement of USPs in Ras
signalling has been demonstrated (Taya et al, 1998; Taya et al, 1999). So the
interaction betwegn G3BP and USP10 could provide further links between
ubiqitination pathway and Ras mediated signalling. The impression therefore, is that
USP over expression leads to cellular proliferation and oncogenic transformation.
G3BP binding to USP and inactivating its activity is consistent with G3BP’s role as a
negative regulator of cell proliferation.

The functional role of G3BP iﬁ adhesion complexes is still an open question.
One of its binding partners RasGAP'? is also present in the adhesion complexes.
However its mere presence doesn’t prove beyond doubt that it is the binding partner
of G3BP in adhesion complexes. RasGAP'?°-G3BP association requires the presence

of serum in culture and it does not occur up to 1 hour after serum stimulation
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(Gallouzi et al, 1998). However, both G3BP and RasGAP'?° were detected at 30
minutes of adhesion complex induction irrespective of the presence or absence of
serum, indicating that G3BP’s recruitment in this case is RasGAP'? independent.
There are several other proteins (Src, PI3K, Grb2, P130 and Fak) in adhesion
complexes that possess SH3 domain. One of these proteins could also be the binding
partner. Given the G3BP’s ability to bind to non-SH3 domain containing protein
USP10, one could also assume any other protein in the adhesion complex including
integrin as the partner. Further work is warranted to solve this issue.

Does the presence of G3BP in the adhesion complexes make sense? Yes it
does. The ability of integrin mediated cell matrix interaction to control cell survival,
proliferation and differentiation have been e)‘(tensively documented (Ruoslahti and
Reed, 1994; Zhang et al 1995; Haack and Hynes, 2001; Oguey et al, 2000; Folkman
and Moscona 1978; Menko and Boettiger, 1987; Solursh et al, 1984; Edgar et al,
1984; Dedhar, 1989). Given the major role played by G3BP-in cell division, it is
comprehensible that integrin mediated cellular adhesion process translocate G3BP
from cytosol to the adhesion complex to allow cells to divide and differentiate.

Kulkarni et al, (2000) have shown that cells deficient of RasGAP'? were
failed to establish complete cell polarity and migration. However, they have not
demonstrated the enhanced recruitment of RasGAP'? to the leading edge of normal
migrating cells. To complement this finding, Pazman et al, (2000) reported that
rasputin (Drosophila homologue of G3BP) mutants displayed defects in

photoreceptor recruitment and ommatidial polarity in the eye. To see if G3BP also
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has some role in cell migration and polarity, a cell wound assay was performed. The
result showed exclusion of G3BP in the lamellipodial structures of the migrating cell.
Interestingly, G3BP was present almost up to the tip of filopodial protrusions in the
migrating cells. Significance of this finding is not evident at this time. Cells that were
beginning to spread on fibronectin substrate had G3BP jailed within the auspices of
cortical actin, while spreading cells had less pronounced cortical actin coupled with
G3BP present at the periphery. The temporal and/or spatial distribution of G3BP in
spreading Vs non-spreading cells and lamellipodia Vs filopodia can be conclusively
demonstrated by time-lapsed microscopy of cells transfected with GEP coupled
G3BP.

Transfection of cells with G3BP lacﬁng its RNA binding domain and/or
possible SH3 binding domain could answer as to how it is recruited to the adhesion
complexes. It could also determine if RasGAP'? is its binding partner in adhesion
complexes. Would these cells exhibit any defect in migration, polarity or adhesion? It
would also be interesting to see how over expression of G3BP affect the above
cellular behaviors. Another thing worth examining is whether G3BP is recruited only

to B1 integrin containing adhesion complexes. This can be done using beads coupled

with antibodies to other integrin B subunits.
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5. CONCLUSION

Even though, understanding the cellular adhesion process was the big picture
this thesis aimed to contribute to, there were two questions that this thesis directly
addressed. They were, 1) isolating the adhesion complexes intact and 2) identifying
the molecules in it by mass spectrometry.

All the three approaches of adhesion complex isolation failed to provide
suitable material for further analysis. However, it should be stated that, in search for a
useful method, finding methods that do not work represent progress not failure. As
for the identification of molecules in the adhesion complexes, mass spectrometry
based identification approach was satisfactory and reliable enough to identify proteins
with confidence, for instance G3BP. However, why it failed to identify some of the
known focal adhesion proteins present in the complex (detected by immunoblotting)
or even integrin remains mysterious. A definitive judgment about the suitability of
mass spectrometry to identify proteins in a supramolecular complex could have been
reached if pure adhesion complexes were available to start with. In its absence, the
fairest conclusion is that a mass spectrometry based approach is satisfactory.
However, the extent to which this reflects a limitation of MS or a limitation of the
sample preparation methods for MS that were available, remains to be determined.
However mass spectrometry has been successfully used to identify molecules in
complexes such as yeast nuclear pore complexes and anaphase promoting complexes
(Rout et al, 2000; Zachariae et al, 1998). Nevertheless, this work has identified G3BP

as another piece of molecule in adhesion complexes. I think it is a valuable
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contribution in this field, even though its role in integrin-mediated function(s) is

unclear at this time. That is for now being left for the successor.
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