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Abstract
Cellular adhesion has been demonstrated to involve supramolecular complexes on
plasma membranes of various ce11 types. These complexes involve not o d y
trammembrane molecules, but rather extend into the cytoplasm to include signal
transduction elements, adaptor proteins, and cytoskeletal components. Alterations in
activation status or adhesion status of the ce11 lead to changes in specific associations
within the complex. This dynamic process is believed to be mediated through psttranslational events which modiQ the abiiity of various components to associate with or
cross-link other elements. This reversible process of cellular adhesion is necessary for

cellular migration through tissue. As adhesion molecules, integrins have a significant
contribution to the functioning of these elaborate structures. Mass spectrometxy has been
used for the characterization of unidentified biomolecules, but this approach has not been
utilized for analysis of supramolecular adhesion complexes- To test the validity of

applying this technology to supramolecular complexes, proteins CO-purifjingwith the
integrin aipha-vheta-3 were recovered fiom silver-stained SDS-PAGE gels and analyzed
on a MALDI qQ-TOF. Using this approach, the protein(s) contained within each band on
the gel could be identified. These tindings support the use of mass spectrometry for the

characterization of molecules CO-puriQingwith integrins.

iii

Introduction
Ce11 adhesion is a term that encompasses both cell-ce11 and cell-matrix
interactions. These interactions involve a large nurnber of molecules, which were first
categorized on this basis, as ce11 adhesion molecules. Cellular adhesion events are
criticaily involved in a variety of processes within an organism, such as fertilization
and embryogenesis, development, tissue maintenance and wound repair, lymphocyte
trafficking, infiammatory ceil recruitment, and cancer invasion and metastasis

(Rahmanand Stratton, 1998). These processes and the necessary cellular interactions
are mediated through different farnilies of receptors (Albelda and Buck, 1990),
inc1uding integrins, Unmunoglobulin superfamily members, cadherins, and selectins
(Albelda and Buck, 1990). The varied effects and distribution of these molecules have
implicated them in contributing to many disease processes, such as i d l a m a t o r y
bowel disease, leukocyte adhesion deficiency, cancer metastasis, and rheumatoid
arthritis. An understanding of adhesion and the molecular interactions involved is
critical for the development of more effective therapies aimed at preventing or
inhibiting the progression of various disease processes.
There are a number of families of adhesion molecules, each of which is

important in mediating various cellular contacts. Ce11 adhesion molecules of the
immunoglobulin superfamily (IgSF) have important fùnctions in cell-ce11 recognition
in inflammation and immune responses (Spnnger, 1994). Cadherins are homophilic
~a2'-dependent cell-ce11 adhesion molecules involved in specific cellular recognition
and tissue morphogenesis (Takeichi, 1991). Selectins, unlike other families of
adhesion molecules, are restricted to the leukocyte-vascular system, and recogniz
polypeptide ligand only when appropriately decorated with carbohydrate moieties
(Ebnet and Vestweber, 1999). Integrins are heterodimeric adhesion molecules which

are involved in various cellular processes such as growth, differentiation, trafficking,
and migration.

Evidence of intricate and dynamic molecular complexes on rnigrating cells is
accumulating at an astonishing rate. These supramolecular complexes involve not
only adhesion molecules, but rather contain cytoskeletal elements, signaling

molecules, and adaptor proteins al1 of which contribute in some way to the overall
functioning of the complex (Critchley et al, 1998). Ce11 adhesion is a trigger which
resui ts in molecular alterations within the complex. These changes involve p s t translational modifications such as tyrosine phosphorylation, and can result in signal
transduction andior cytoskeletal assembly. Moreover, these complexes have been
s h o w to localize to discrete microdomains o f the cellular membrane tenned lipid
rafts. These domains, enriched in sphingolipids and cholesterol, are resistant to

solubilization at low temperature by nonionic detergents and thus are ofien referred to
as detergent-insolu ble glycolipid microdomains (Simons and Ikonen, 1997). These
rafts provide a specialized environment for cellular signaling, preventing inappropnate

'cross-tak' between unrelated pathways, while allowing for specific interactions to
occur unimpeded. Integrins are an essential component of many of these
supramolecular complexes as they initiate the process of adhesion. It is these
molecules that have been chosen as the focus of this research project.

Integrin expression appears to be universal for al1 nucleated cells investigated
to present. That is to say that at least one integrin family member has been found on

every ce11 or tissue studied to date (Albelda and Buck, 1990). Integrins are
heterodirneric adhesion molecules comprising both an alpha and beta c h a h which are
non-covalently linked through intermolecular disulfide bonds, and were onginally

descnbed by (Hynes, 1987). They are type-1 transmembrane molecules by defuiition,
and there are at least 8 distinct beta integrin subunits, and 16 alpha subunits (Cary et
al, 1999). These subunits combine to form at least 20 different receptors, some of

which have overlapping ligand specificity (Cary et al, 1999). The combination of a
pariicular alpha and beta polypeptide confers the ligand binding capability on the
fbnctional heterodimer (Cary et al, 1999). Electron microscopic images of purified
integrins (Nermut et al, 1988) as well as chernical cross-linking experiments (Smith
and Cheresh, 1988; Nermut et al, 1988) suggest an association of the amino-terminal

globular domains of the alpha and beta subunits to form the extracellular ligand
binding regions of the receptor. htegrins have been found to be involved in more than
just ligand binding, in that they have k e n s h o w to transduce biochernical signals into
the cell, and regulate a variety of cellular fùnctions, including apoptosis, migration,

and proliferation (Cary et al, 1999). This family of adhesion molecules is involved in
both 'inside-out' and 'outside-in' signaling (Dedhar, 1999), k i n g afTected by or
initiating various signaling pathways respectively. Since various integrin heterodimers
have overlapping afinity, it was suggested that the effect of integrin ligation may
indeed be determined by the protein expression of a given cell, or ce11 population.

That is, the ligation of the same integrin in two different types of cells may result in
the triggering of different biochemical pathways, and therefore have non-identical

effects.
The beta subunits of al1 integins are remarkably similar. The beta-G integrin
isolated fiom sea urchin (an invertebrate) shares 37.1% identity and 57.6% similarity
with human beta-1 integrin (Marsden and Burke, 1997). Certain features which are

believed to impact on fùnction are highiy conserved over a wide variety of species
(Marcantonio and Hynes, 1988). For example, the positions of 56 cysteine residues
have k e n evolutionarily conserved in al1 of the beta subunits sequenced, with the
exception of beta-4, k a - 7 , and beta-8 (Marsden and Burke, 1997), suggesting these

residues are critical for integrin fuaction. The typical beta subunit possesses one
membrane spanning domain, and a short cytoplasrnic domain, found in the carboxy
terminus of the molecule.
The alpha subunits have not been shown to exhibit conservation of sequence to
the extent that the beta subunits have, but still are quite similar with respect to

structure. The structure consists of a short carboxyl-terminal cytoplasmic domain, a
single membrane-spanning domain, and a large globular extracellular domain,
containing calcium-binding regions. Some alpha chains are composed of a large and a
small polypeptide, joined by a single disulfide bond in the extracellular domain.
Certain integrin alpha subunits contain an additional inserted sequence between the
Iast calcuim binding site and the amino terminus (Herder, 1WO), which has been
termed the 1-domain, and has been suggested to contribute to ligand specificity.
A number of integrins have also been found to exist as different splice variants.

For example, the integrin subunit beta-1 has k e n demonstrated to have four splice
variants (beta-1A, B, C, and D), which differ only in the carboxy terminal half of the
cytoplasmic domain (E3elkin et al, 1996; Balzac et al, 1993; Balzac et al 1994). Splice
variants are fùnctionally significant and can determine potentid associations. Such is
the case for CD98 association with beta- 1A, but not beta-1 D. This selective splice
variant association correlated with the capacity to reverse suppression of integrin
activation (Zent et al, 2000). Another integrin subunit suggested to have a splice-site
variation is the beta-3 molecule ( B e b et al, 1996; Balzac et al, 1993). A potential
clue to the function of the splice-site variants lies within the presence or absence of the
highly conserved NPXY motifs, which have been suggested to play a critical role in
localization of integrins to focal adhesions (Reszka et al, 1992; Vignoud et al, 1997),
almost certainly through protein-protein interactions. The identification of these
alternative forms of integrin subunits will be critical for the understanding of integrin
regulation.

Focal Adhesions
One example of a supramolecular adhesion complex is the focal adhesion
which is a characteristic of strongly adhering fibroblasts. Fibroblasts have typicaily
been utilized for the study of cellular migration as they have been demonstrated to

form these large multi-molecular complexes which cm be easily visualized using a
number of microscopic techniques. Focal adhesions involve clustered integrins and

associated proteins that mediate ce11 adhesion and signaling. Ceil migration for
instance is controlled by a complex set of interactions involving integrin interaction
with components of the extracellular matrix as well as with cytoskeletal elements. The

formation of these adhesive complexes on the plasma membrane is a result of integrin,
polymerized actin filaments and associated proteins clustering together. These
organized adhesive complexes serve as points of traction over which the ce11 can
move. The mechanism by which these complexes f o m at the leading edge are as yet
unclear. Recent findings illustrate the importance that the actin and myosin filament
network and signaling molecules (such as Rho/Rac) play in the process. The
mediators of tension are the integrin family of transmembrane adhesion receptors
which Iink components of the extracellular matrix on the outside of the ce11 with the
cell's cytoplasmic actin cytoskeleton (Regen and Honvitz, 1992). When integrindirected adhesions are prevented, the cells round up. One group showed cellular
movement over focal adhesions by studying a fluorescent beta-1 integrin chimera in
iiving cells (Smilenov et al, 1999),confirming that these adhesions serve as points of
traction. The forces responsible for this movement are generated by contraction of
actin-myosin networks and can be inhibited by chernicals which prevent
polymerization of cytoskeletal elemsnts. The interaction of the actin cytoskeleton and
the integrin serves as a 'molecular clutch' and thus influences the outcome of ligand
interaction. The polymeriation of actin at the leading edge of migrating cells is

responsible for the generation of the tension required for migration. This actin
reorganization is stimulated by memben of the Rho farnily of small guanosine
triphosphatases (GTPases) (Smilenov et al, 1999). These kinases are responsible for
the phosphorylation of myosin light chah kinase. The subsequent phosphorylation of
myosin light chahs promotes their dimerization and their interactions with actin to
drive contraction. The small GTPase Rho regulates the M e r organization of actin

into bundles and the production of the large, highly organized structures termed focal
adhesions (in fibroblasts). Recent experiments illustrate the importance of Rho in
these processes as inhibition of the Rho pathway with drugs that target Rho kinase
results in the loss of large focal adhesions. The regulation of these complexes is
cntical for continued remodeling and reorganization of adhesion contacts during
cellular migration as well as other processes. The role of signai transduction in these
processes is illustrated by the restoration of migration to focal adhesion kinase (FAK)deficient cells when FAK is reintroduced. However, reintroduction of a mutant form
of FAK that cannot transmit signals to Src or to Cas (an activator or the Rac pathway)
fails to restore ce11 migration (Burridge and Chrzanowska-Wodnicka, 1996). This
observation suggests that the regulation of adhesion through remodeling or
reorganization is a key element in the regulation of ce11 migration.
Cells apply force to the matrix through the integrin-cytoskeleton Iinkage
(Choquet et al, 1997), and the integrins appear to participate in multiple cycles of
binding to and release fiom extracellular matrix (ECM) in ce11 migration on specific
substrats (Bretscher, 1992). Migration involves multiple steps, including extension to

new regions, a t t a c h e n t to extracellular matrix (ECM), force generation, and release

from the ECM to allow M e r movement and recycling (Sheetz et al, 1998).
Importantly, an additional requirement for directed migration is that there must be
position dependence of attachent to and release h m the substratum to provide
directional movement. Mechanisms for the release of integrin-mediated adhesion at

the trailing edge may be mediated enzymatically (e.g. calpain cleavage of

integrinkytoskeleton linkages) or by reversible biochemical which decreases
individual integrin affinity for the cytoskeleton (Palecek et al, 1998). A phosphatasedependent mechanism has been suggested for alpha-vkta-3 integrin release fkom its
ligand, vitronectin (Lawson and Maxfield, 1995). Yet another mechanism couid
involve loss of cytoskeletal attachent to ECM-crosslinked integrins. The unbound
integrins could then diffuse away fiom the ECM molecules before rebinding. This
mechanism relies on cytoskeletal stabilization of integrin-ECM interactions by simply
maintaining the local concentration of integrins and thus allowing for temporary
dissociation between integrin and ECM components (Figure 1). A recent paper
(Nishizaka et al, 2000) has investigated position-dependent binding and reiease of

fibronectin-integrin-cytoskeletalinteractions. It was discovered in these studies that
integrins were not concentrated at the ieading edge of 3T3 fibroblasts, nor did antiintegrin antibody-coated beads bind preferentially at the leading edge. However, it
was observed that d i h i n g ligand-bound integrins attached to the cytoskeleton

preferentially at the leading edge. Since integrins are not believed to bind actin
directly, this may suggest the localization of various associated proteins at the leading
edge allowing integrin to associate with the cytoskeleton (Figure II). Leading edge
binding to fibronectin-coated beads was inhibited by cytochalasin D, suggesting that
the cytoskeleton binding to integrins could alter their avidity (Nishizaka et al, 2000).

Tyrosine phosphorylation of the beta-3 integrin subunit has been shown to
occur in platelets in response to integrin aggregation following stimulation of platelets.

Several lines of evidence suggest that the beta-3 cytoplasmic domain tyrosine residues
andor their phosphorylation operate to mediate interactions between beta-3 integrins
and cytoskeletal proteins (Jenkins et al, 1998). Although it is clear that the
cytoplasmic domains of alphaIIb/betd are involved in signal transduction and
cytoskeletal reorganization events, the precise mechanisms regulating these processes

remain to be discovered (Jenkins et ai, 1998). It follows then that the phosphorylation
of integrin subunits in platelets may indicate a more broadly based mechanism
controlling integrin function in general. In this way, the integrin may play a direct role
not only in organizing the cytoskeleton but also in transducing signals to elicit cellular
responses. Integrin fùnction has aiso been tied to a number of transmembrane proteins
such as urokinase plasminogen activation receptor (Wei et al, 1999) and matrix
metalloproteinases (Deryugina et al, 2000).

Regulation of Cellular Traffickinp in the Immune System
Cellular traf!fïcking in an immune response is also mediated through a
combination of cellular adhesion molecules on leukocytes and on endotheliai cells,
which funçtion in a step-wise process (Ebnet and Vestwever, 1999). A variety of
adhesion molecule families, particularly the selectins, irnrnunoglobulin superfamily
molecules, and integrins, are the main contributors to the process, which is initiated by
selectin dependent 'rolling' of the leukocyte dong the endothelium (Ebnet and
Vestwever, 1999). This rolling serves to slow down the leukocyte, allowing the ce11 to
receive signals fiom the endothelial surface (Ebnet and Vestwever, 1999). The
endothelium itself can upregulate expression of various adhesion molecules (e.g.
ICAM- 1) in response to signais fiom cells within the afTected tissue (Sancho et al,
1999). Furthermore, it has been demonstrated that T-lymphocyte activation is

inhibited by preventing LFA-1 interaction with ICAM-1 on endothelial cells (Sancho
et al, 1999). During an immune response, macrophages and dendntic cells residing in

local tissues produce soluble mediators, such as cytokines and chemokines, which
promote cellular infiltration into the affected area (Ebnet and Vestwever, 1999). It is
believed that a key role for cytokines and is to upregulate certain adhesion molecules
on the surface of the endothelium in the vicinity of the infiammatory response (Ebnet

and Vestwever, 1999). Chemokines have been found to play a role in activation of the
leukocytes themselves (Nishizaka et al, 2000), and they are currently the subject of
intense investigation in a number of laboratories. These small molecular weight
chemoattractants have also been found to initiate polarization of adhesion molecules
and chemokine receptors on peripheral b i d lymphocytes (Vicente-Manzanares et al,
1998). The chemokines, once secreted, can be trapped in the glycocalyx on the

surface of the endothelium, thereby ailowing these molecules to interact with

appropriate receptors on rolling leukocytes, and mediate inside-out signding, resulting
in integrin activation (Ebnet and Vestwever, 1999). The resuit of this integrin
activation is firm adhesion between the endothelial ce11 and the rolling leukocyte,
mediated by LFA- 1, Mac- 1, and VLA-4 on leukocytes and ICAM-1 and VCAM- 1 on
the endothelium (Ebnet and Vestwever, 1999). The expression of both ICAM-1 and
VCAM-1 on the surface of the endothelial cells are cytokine inducible. The last step
of the process is termed extravasation or diapedesis, which refers to the movement of

the leukocyte fkorn the lumen of the blood vesse1 Uito the swrounding tissue. This
process is poorly understood at this juncture, but it is currently k i n g investigated. At
this tirne, integrins are known to play a critical role in an entire range of processes,
including blastula implantation, growth, differentiation, and cellular traficking. In
this respect, the study of integrins and integrin function has cross-disciplinary
implications. To M e r our understanding of these interesting adhesion molecules, it
is essential to ctaracterize potential associations which modulate integrin h c t i o n .
This may provide the insight required for the development of drug therapies to treat
disease processes mediated (or contributed to) by integins, such as tumor metastasis,
inflamrnatory bowel disease, and rheumatoid arthritis.

Integrin Signal Transduction Patbwavs and Cytoskeletal Associations
(AnAssociated Protein Ovemew)

An understanding of how integrins function requires a thorough inventory of

molecular components involved in integrin complexes as well as the individual
contributions these components make to the hctioning of the complex as a whole.
Integrins function in diverse processes and specific integrin heterodimers mediate
adhesion to various and often multiple Ligands. Each ce11 type has a characteristic
integrin expression profile, and this is thought to reflect the individual requirements
for cellular interaction. In addition, integrïns expressed by resting vs. activated cells

are clearly different with respect to functional activity. It is therefore necessary to
shed light on the mechanisms of integrin functionality to better understand the
differences and sirnilarities in expression profiles between ce11 types. Integrins require
specific associations with various intracellular and transmembrane molecules for
functional competency. It is the goal of this project to develop approaches for the
characterization of integrin associated proteins.

Integrin-dependent molecular interactions are crucial to a wide variet. of
processes, hence the variation with respect to ligand-specificity and cellular expression
of the distinct integrin family members. However, even the relatively large diversity
of integrin specificity and celiular expression alone are not believed to accowit for the

vast multitude of potential fûnctions that integrins mediate. Furthemore, it has been
shown that the integrin cytoplasmic domains lack intrinsic kinase activity,suggesting
that for integrins to be involved in signaling pathways, the association with other

(signaling) molecules is absolutely required (Gumbiner, 1993). Towards this point, it
has been elucidated that the effects of integrin-mediated interactions are functiondly
controlled by a vast number of associated proteins.

Much of the evidence supporthg the presence of these integrin-associated
proteins cornes from in vitro binding assays, CO-locaiizationobservations, and the
yeast two-hybrid system. The molecules originaîly identified as candidates for
integrin-associated proteins include a rather large number of cytoskeletal elements
(Figure III), including actin (Gumbiner, 1993), vinculin (Gumbiner, 1993), aipha-

actinin (Gumbiner, 1993), talin (Gumbiner, 1993), fimbrin (Gumbiner, 1993), filamin
(Gumbiner, 1993), tensin (Critchley et al, 1998), and paxillin (Critchley et al, 1998).
Furthemore, there is a large body of evidence which demonstrates that the
cytoplasmic domains of integrins have the capacity to associate in vitro with many of
these moiecules (Critchiey et al, 1998).
The vast majority of data accumulated on potential integrin associated proteins
has been obtained from fibroblasts as they are capable of forming large molecular

complexes on their ce11 surfaces involving integrins which are easily examined
microscopically. These complexes, tenned focal adhesions, involve integrin clustering

and localize to areas of tight adhesion between fibroblasts and substrate (e.g.
fibronectin, collagen). It is the formation of these large complexes, that allows for
extensive CO-localizationexperirnents to be undertaken. Many molecules have k e n
shown to CO-localizewith integrin in these focal adhesions, including both signaling
and structural proteins. It is thought that the NPXY motif on the cytoplasmic domain

of the integrin beta chah is responsible for integrin localization to f

d adhesions and

therefore may mediate these extensive interactions with cytoplasmic molecules
(Reszka et al, 1992; Vignoud et al, 1997). Furthemore, ligand-independent targeting
to focal adhesions is induced by deletion of the alpha subunit cytoplasmic domain
(Ylanne et al, 1993), suggesting that the alpha chah cytoplamiic tail blocks
cytoskeletal interaction with the beta tail. Ligand binding appears to remove this
block, permitting the beta cytoplasmic tail to target to focal adhesions.

Talin is one of the f h t components to be recruited to nascent focal adhesions,
and has been shown to bind to the cytoplasrnic tail of the integrin beta-1 subunit in

vitro (Knezevic et al, 1996; Honvitz et al, 1986; Tapley et al, 1989; Shsrma et al,
1995) and to CO-immunoprecipitatewith beta-1 if GRGDS peptide is included in the

lysis buffer (Vignoud et al, 1997). Talin, a cytoplasmic protein composed of -270kDa
subunits, binds to integrin beta cytoplasmic tails, vinculin, and actin filaments (Plaffet
al, 1998; Knezevic et al, 1996; Sampath et al, 1998; Hemmings et al, 1996), and co-

localizes with integnns at sites of substratum contact (Burridge and ChmmowskaWodnicka, 1996). The talin molecule consists of an N-terminal globular domain and
C-terminal rod domain (Rees et al, 1990). The N-terminal domain contains an amino
acid sequence similar to a region within the membrane-binding N-terminal ERM
association domain in the emn, radixin, and moesin family of proteins (Rees et al,
1990). Binding of talin to integrin beta c h a h subunits (beta- 1 and beta-3) is

demonstrated to involve the C-terminal domain, the H-terminai head, or both
(Knezevic at al, 1996), and binding is blocked by a tyrosine to alanine substitution in
the first NPXY motif of the beta-1 integrin subunit (Plaff et al, 1998). Further

evidence supporting a role for talin in integrin function comes fiom experiments
perforrned on fibroblasts in which either anti-sense talin mRNA (Albiges-Rizo et al,
1995) or anti-talin antibodies (Nuckolls et al, 1992) were used to block the expression
or fûnction of talin revealing a strong correlation between talin and the spreading and
migration.
Similar studies on vinculin, a 117kDa cytoskeletal protein, (Westrneyer et al,
1990; Rodriquez Femandez et al, 1992) also demonstrated a strong correlation with
reduction in the number and size of foçal adhesions and stress fibers, again suggesting
a roie for this molecule in integrin functioning. In vitro studies have indicated a

number of binding sites within the vinculin molecule for focal adhesion proteins,
including talin (Gilmore et al, 19W), alpha-actinin (McGregor et al, 1994), pavillin

(Kroemker et al, 1994), F-actin (Huîtelmaier et al, 1997), VASP (Brindle et al, 1996;
Reinhard et al, 1996), tensin (Lo et al, 1994), and PKC-alpha (Hyatt et al, 1994).
Embryonic Stem (ES) cells which are talin (4)are unable to fom focd adhesions,
and are subsequently unable to spread on substrate coated plates (Critchley et al,1998).
This combined information on talin has been incorporated into a mode1 for focal
adhesion assembly, in which talin is envisaged to act as a key component (Cntchley et
al,1998). The fact that the talin dirner has the potential to cross-link integrins
combined with the fact that it has actin-nucleating and cross-linking activity &es

it

ideally suited for such a role. In addition, talin contains 3 vinculin-binding sites.
Vinculin is capable of binding to a molecule called vasodilator-stimuiated
phosphoprotein (VASP) (Brindle et al, 19961, which in tum can bind zyxin (Reinhard
et al, 1995) and profilin, a G-actin-binding protein (Kang et ai, 1997), thus providing a
potential link to actin filament assembly (Critchley et ai,1998).
Zyxin, another focal adhesion component also binds alpha-actinin (Crawford et
al, 1992) in addition to the p85 subunit of phosphinositol3-kinase (Shibasaki et al,
1994). Alpha-actinin, a rod-shaped, anti-parallei homodimer (100kDa subunit) binds

2 distinct regions within the beta- 1 cytoplasmic domain in vitro (ûtey et al, 1993), and
has also k e n shown to CO-immunoprecipitatewith the beta-2 integrin subunit

(Pavalko et al, 1993; Sharma et al, 1995). Murine fibroblasts, into which alpha-actinin
anti-sense mRNA was micro-injected, again demonstrate a reduced ability to form
focal adhesions and stress fibers (Critchiey et ai, 1998), thereby increasing the mobility
of these cells. Actin filaments themselves may link to integrins through talin, alphaactinin, vinculin, tensin, or a combination of these (Johnson and Craig, 1995; Lo et al,
1994). These and other cytoskeletal associations with integrin subunits are believed to

stabilize cellular adhesion, to regulate ce11 shape, morphology, and mobility, and
possibly to provide a framework for signal transduction pathways (Clark and Bmgge,
1995).

Additionally, integrin activation upon ligand binding (or via other pathways)
results in an increase in tyrosine-phosphorylation of several different cellular proteins

(Guan et al, 1991 ; Komberg et al, 199 1). The lack of intrinsic kinase activity of the
integrin strongly implies the presence of an associated kinase (Cary et al, 1999).
One potential candidate is Focal Adhesion Kinase (FAK),which demonstrates
both an increased kinase activity and tyrosine phosphoqlation in response to integrin
activation, which is dependent on an intact integrin beta-cytoplasmic tail (Guan et al,
1991). Furthemore, it has been demonstrated that autophosphorylated FAK serves as

a binding site for Src-homology-2 (SH2)domains of the Src family members (Schaller
et al, 1994) and phosphatidylinosito13-kinase (PI 3-K)(Chen et al, l996a). There is a
rather large body of evidence supporting a fùnctional relationship between FAK and
various integrins. This association may be key in the establishment of the subsequent
cascade of interaction, as the presence of the autophosphorylated tyrosine (Y397) on
FAK wodd allow for a plethora of potential interactions to occur, including

association of adaptor proteins. Adaptor proteins are small cytoplasrnic proteins
which contain both SH2 (phosphotyrosine binding domains) and SH3 (praline-rich
binding domains). These adaptor proteins are thought to act as the Iink between ce11
surface molecules and the cytoskeletal or signal transduction elements. Adaptor
proteins include ezrin, radixin, moesin, and particularly interesting new cys-his protein
(PINCH) to narne just a few.

PINCH has been descnbed as an Integrin-Linked Kinase (ILK) interactive
protein (Tu et al, 1999). ILK is a 59kDa molecule which demonstrates the ability to
bind to and phosphorylate the cytodomain of the beta-1 integrin subunit (Hannigan et
al, 1996). The binding site of the beta-1 cytodomain was onginally identified using

residues 738-798 as 'bait' in the yeast-2-hybnd system (Hannigan et al, 1996). In vivo
CO-immunoprecipitationindicates that ILK binds to the cytoplasmic tail (amino acid
residues 788-793) of the beta-1 integrin subunit (I)edhar and Hannigan, 1996).

Furthemore, the in vitro binding of ILK with the cytodomains of other integrin
subunits (beta-2 and beta-3) suggests ILK may also interact with the cytodomains of

these subunits in vivo (Dedhar and Hannigan, 1996). Interestingly, the phenotype of
an 1LK-homologue knockout in C. e l e g m resembles that of alpha and beta subunit
mutants, providing strong evidence for an important role of iLK in integrin function

(Longhurst and Jenkins, 1998). ILK has been found to contain in its arnino acid
sequence, a plekstrin homology (PH) domain ( D e k o m . . e ~ete ai, 1998). This
domain has been implicated in the binding of phosphoinositide 3-kinase,which is a

receptor-proximal intracelluiar effector capable of triggering signaiing pathways that
regulate proliferation, ce11 survival, protein translation, and rnetabolic changes (King
et al. 1997). Phosphoinositide 3-kinasecatalyzes phosphorylation of
phosphatidylinositols to produce phosphatidylinositol3-phosphatesecond messengers
such as phosphatidylinositol(3,4,5) P3 (King et al, 1997).
Tetraspanins are a family of proteins termed 'molecular facilitators', which will
be discussed later (Maecker et al, 1997). The name tetraspanin describes the number
of times the molecules in this family span the ce11 membrane. Also known as TM4SF

proteins, these molecules contain conserved structural motifs including putative
transmembrane domains (TM1-TM4), forming one small and one large extracellular
loop (EC 1 and EC2), with short cytoplasmic amino and carboxyl tails (Maecker et al,
1997). This family of proteins contains at least 20 members, of which CD9, CD53,

CD63, CD8 1, CD82, and CD 151 have been found to associate with k a - 1 integrins

alpha-3heta- 1, alpha-4/beta- 1, and alphaW6/beta1 (1996; Berditchevski et al, 1995;
Nakamura et al, 1995; Rubenstein et al, 1996; Behr and Schriever, 1999, as well as
non-beta- 1 integrins alpha-4/beta-7 and alpha-Lheta-2 (Hemler et al, 1996)

The terni molecular facilitators is used to describe tetraspanïns due to their
ability mediate function through the organization of d a c e molecules and signaling
molecules and to participate in activation, adhesion, and cellular differentiation

processes. Early evidence supporthg a role for TM4SF members in ce11 adhesion
came fiom the observation that anti-CD9 antibodies induced platelet aggregation
(Slupsky et al, 1989). M e r M e r investigation it was discovered that the effects of
CD9 on platelet aggregation involved an association with alpha-IIbkta-3 (Slupsky et
al, 1989). Other studies involving anti-tetraspanin antikdies (CD9 and CD63) or

transfections have supported an involvement in adhesion and migration in a nurnber of
ce11 types (Shaw et al, 1995). LFA-1, VLA-3, VLA-6, and many kinases have been
shown to associate with CD63 by reciprocal immunoprecipitation studies (Skubitz et
al, 1996) and (Berditchevski et al, 1995). Additionally, anti-CD63 antibody-

stimulated adhesion of neutrophils to endothelium is blocked by anti-LFA-1
antibodies. This data strongly suggests a role for CD63 in LFA-1 mediated adhesion.
Since various tetraspanins are preferentially expressed on specific ce11 types, it is
believed that they infer a degree of selectivity or specificity in the adhesion and
migration process. For example, anti-CD8 1 antibodies have been shown to activate
VLA-4 mediated fibronectin binding in certain B-ce11 lines (Behr and Schriever,

1999, and to induce LFA- 1 mediated cell-ce11 adhesion in human thymocytes (Todd
et al, 1996). Taken together, these observations indicate a functional relationship
between CD81 and integrins may be cell-type specific. Further evidence for cell-type
specificity is provided by the tetraspanin expression patterns on certain cells. For
instance, CD37 expression is restricted to Bcells, while PETA-3 (CD1 51) is generally
expressed on platelets, and antibodies to each of these molecules has k e n shown to
induce integnn-mediated adiesionlaggregation in the cells mentioned (Fitter et al,
1995). Co-precipitation and CO-localizationexperiments revealed VLA-4 association

with CD53, CD63, CD8 1, and CD82 on a number of ce11 lines (Mannion et al, 1996).

From the virtually endless list of associated proteins, one can easily understand
how elaborate the molecular interactions within these dynamic suprarnolecular
complexes may prove to be. Integrins are involved in extracellular, trammembrane,

and cytoplasmic interactions and are implicated in both cytoskeletal assembly and
signal transducing pathways. Activation of integrins within these networks may lead

to alterations in the moiecular species involved, thereby impacting on the overall
functioning of the cornplex. It is necessary for the process of adhesion to be dynamic
as various cells rely on a t t a c h e n t and detachment processes for diapedesis and
migration through tissues. If these supramolecular complexes could not be assembled
and disassembled rapidly, migration would essentially cease once a ce11 had adhered to
a given substrate. To understaud the functional characteristics of such a process, it is
first necessary to take inventory of the moiecules involved. Direct evidence
supporting integrin associations with various components of these dynamic complexes

is necessary to cofirm these interactions as well as to identie previously unknown
interactions and/or novel proteins. Once a molecular inventory has been taken,
functional studies can then be undertaken in order to provide the fùnctional
significance for each rnolecular interaction. Various studies have demonstrated
integrin associations either direct1y or indirect1y. Fluorescence microscopy
experiments have been utilized to investigate molecules which CO-localizeboth on the
ce11 membrane and cytoplasmically. Furthemore, integrin-Iinked kinase (ILK) has

been demonstrated to CO-precipitatewith beta- 1,2, and 3 integrin subunits (Dedhar,
1999). Additional experirnents comparing ILK knockout mice to alphatbeta integrin

knockout mice revealed nearly identical phenotypes, suggesting a fünctional
relationship exists between the two.
Co-precipitation experiments have previously been utilized in combination
with gel electrophoresis and a variety of detection techniques including western

blotting, coomassie-blue staining, and silver-staining, arnong othea. These methods
of detection are quite reliable and generally provide excellent repeatability. However,

one limitation lies in the fact these complexes are generated in response to adhesion,
thus immunoprecipitation may not be the most appropriate method to use for

examining the molecular associations involved. m e r potential limitation lies in the
analysis of these techniques. Following immunoprecipitation of integrin based on the
alpha and/or beta chahs, a gel run and detected using total protein detection methods
(e.g. silver staining) may reveal major integrin bands as well as any potential

associated proteins, provided these proteins were present in large enough amounts (Le.
1 - 1Ong). Total protein detection may therefore reveal multiple bands of unknown

identity. Western blottïng of a gel transferred to nitrocellulose allows the detection of
specific proteins using antibodies raised against those proteins. However, the
limitation here lies in the limited number of proteins that can be screened for in any
given m. Although a panel of antibodies can be tested on any given nin, a researcher
would have to predict which molecules may be present, rather than simply analyze the
results. Recent advances made in mass spectrometry has made it possible to analyze
proteindpeptides extracted from gel fragments. By limiting potential cleavage of the
respective proteins to specific sites allows for the synthesis of a 'peptide fmgerprint',
specific for any one protein.
The dificulty in undertaking such a study is the fact that distal components of
the complexes may not be retained during the purification and immunoprecipitation
procedures. Furthemore, proteins present in extremely low amounts within the
complexes rnay not be detected through conventional techniques. This inevitable
occurrence prevents the complete charactenzation of the molecular species involved
through this approach alone. Under the appropriate conditions, ventral-plasma
membranes of various ce11 clones can be obtained, which could allow for the
investigation of molecular interactions in a pseudo-physiologicai environment. This
type of an approach when used in conjunction with CO-imrnunoprecipitation
experiments could prove to be extremely useful for identiQing molecular interaction.
Co-localization experirnents involving fluorescence microscopy can be used to
indirectb confirm identified associations, while reciprocal CO-immunoprecipitation

experiments can be utilized to ensure the interactions are red and the identified
associations are not merely c o n t a r n b t s . Mass spectrometry was utilized in the
approach to address issues including low protein amounts and characterization of
unknownlunidentified molecules.
As there are numerous integrin heterodimers whose interactions could be
investigated, this reseach is focussed initially on only one, the alpha-v/beta-3 integrin.
This particular integrin was chosen for multiple rasons, not the l e s t of which is the
fact that the alpha-vkta-3 integrin has been found to contribute to cellular migration
through binding its ligand, vitronectin. This integrin was purified in addition to alphavlbeta-5, which fiords us the oppomuiity to later investigate beta chah specific
associations when data fiom each integrin has k e n accumulated. Another reason for
investigating alpha-vlbeta-3 is that a separated and silver-shed gel containing this
integrin preparation revealed multiple bands of lower molecular weight not
correspondhg to the published molecular weight of any known integrin subunit.

Application of Mass Smtrometry to protein
characterization
Advances in m a s spectrometry have allowed analysis of complex
biomolecu~esmainly through hprovements in ionization techniques(Suizdak, 1994).
The difficulty had k e n the formation of ions in the gas phase so that they may be
directed electrostatically into a mass analyzer that differentiates the ions according to
their mas-to-charge ratio (mlz). Although the analyzers have not changed
significantly in recent years, the advances have mainly been a product of the
developments of the ES1 (Electro-Spray Ionization) and MALDI (Ma&- Assisted

Laser Desorption/Ionhtion) ionization sources (Suizdak, 1994). Both ES1 and
MALDI offer a rapid and accurate means of obtaining molecular weight information
on a wide range of compounds, including biomolecules. MALDI mass spectrometry,
which is more resistant to the presence of salts and certain detergents and has the
higher mass capability was utilized in the analysis of the purified integrin preparations.
The MALDI ionization technique utilizes a pulsed W laser beam to desorb and ionize
CO-crystallizedsample/matrix fiom a metal surface. The matrix absorbs most of the
incident laser energy, resulting in minimal sample damage, and the subsequent
ejection of sample and ma&

molecules into the gas phase (Shevchenko et al, 1996).

The resultant ions are then electrostatically directed to a mass andyzer (Shevchenko et
al, 1996), such as a time-of-flight rnass analyzer. Analysis of both small and large

molecules can be obtained using femtomole level quantities, and with carefùl analysis
can be utilized for heterogeneous samples, making it extremely attractive for
biological samples (Burlingame et al, 1994). The mass accuracy of such an approach
is typically in the order of O. 1% to a high of 0.0 1%. Paralleling the advances in mass
spectrornetry has been the origin of computer prograrns allowing for the relatively
rapid, accurate anlaysis of the Obtained spectnim.
The tandem mass (ms/ms) spectral anlaysis of selected peptides from a peptide

mass fingerprint indirectly allows the determination of the amino acid sequence
comprising the chosen peptide. A typical analyzer arrangement for performing mdms
uses a linear arrangement of three quadnipoles between the ion source and the detector
(Figure IV). The fust and third quadrupoles act as the independent mass analyzers
while the second quadrupole acts as a collisional activation chamber through which
ions from the first quacinipole must pass before they enter the final quadrupole. In
essence, a peptide ion (termed the 'parent ion') is selected on the basis of its mass to
charge (mk)ratio and directed into the second quadruple where collisions occur with
an inert target gas (Suizdak, 1994). During this process, part of the kinetic energy of

the parent ion is converted into internai energy, which can then cause dissociation of
the parent ion (Suizdak, 1994). This process generates a host of different daughter ion
types depending on the charge distribution on the original parent ion (Figure V) which

produces a peptide fragmentation pattern. The resuit is an m s h s spectrum which is
characteristic of the amino acid sequence of the peptide. Analyzing the ion masses
contained within the generated fragmentation pattern provides information on the
actual sequence of amino acid residues comprising the peptide. Once again, the
development of software for the purpose of analyzing these fragmentation patterns
generated through ms/ms has greatly improved the speed and accuracy of the results.
This general approach to identieing components of complicated molecular complexes
has been successfully employed to investigate other moleçular associations such as the
yeast nuclear core complex (Rout et al, 2000).
Proteins are commonly isolated through the use of one-dimensional or two
dimensional gel electrophoresis, and visualized by staining with Coomassie Brilliant
Blue or silver staining techniques. Peptides c m then be produced (making use of

specific proteolytic enzymes) fkom each band/spot on the gel that is isolated after the
staining procedure. Handling the protein directly in the gel slice circumvents one step
fiorn the overall protocol and therefore avoids a sarnple loss for that additional step
(such as transfer to PVD membrane). Following the in-gel digestion, the sequence
analysis of the peptides obtained has generdy been performed using Edman
degradation, the goal k i n g to accumulate sequence information and identiQ the
protein in sequence databases or to clone the corresponding gene (Hunkapiller et al,
1984). DifficuIties with this approach include chemical modification Ieading to the

masking of neighbouring amino acids, and the potential destruction of some residues
due to the harsh conditions used during the Edman degradation. The d o r e mentioned
advances in mass spectrometry have allowed this technology to be employed for the
purpose of obtaining peptide mass fingerprints to be used in database searches (Henze1

et al, 1993 and Mann et al, 1993). The peptide rnass fingerprint refers to the specific

array of peptides produced h m a single protein digested by an enzyme with well
characterized cleavage sites. Each protein that has been sequenced (and the amino
acid sequence Grom any potential coding DNA sequence) has a unique peptide mass
fingerprint (with reference to a specific enzymatic c1eavagee.g. trypsin) and that
information is housed within a number of publicly available databases (e.g. NCBI).
Therefore, the peptide mass fmgerprint of an unknown protein can be used to search
against al1 known or potentiaily encoded proteins contained within these databases.
Websites such as ExPasy (www.expasy.ch) make available programs (e.g. PeptIdenr)

which allow the user to enter peptide masses obtained experimentally to sestrch for
potential matches against numerous databases. These programs dso allow the user to
enter experiment specific information, such as molecular weight, potential peptide
modifications and error tolerance (depend on the instrument used to acquire the
peptide mass fingerprint). Analysis of peptide mass fingerprint data generally yields
multiple protein candidates. It is thus not uncornmon for a single peptide mass to be
present in any nurnber of peptide mass fingerprints. Therefore, the prograrns rank the
candidates according to the absolute number of peptide-mass matches between the
unknown protein and a protein Erom the database.
Tandem mass spectrometry can then be applied to selected peptides for the
purpose of confirming the protein identity originally made through the characterization
of the peptide mass fingerprint. During this process, a peptide fkagmentation pattern is

accumulated, and is dependent on the amino acid sequence of the peptide selected.
Analysis of the peptide firigrnentation pattern can yield information on the actual
amino acid sequence of the peptide in question. The information provided by tandem
mass spectrometry can then be used in conjunction with the information provided by
the peptide tnass fingerprint to identifi the protein(s) isolated h m a given band on a

gel.
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Figure 1.
Schematic illustration showing that cytoskeleton binding of integnntÏbronectin complexes at the leading edge could stabilize them. A
fibronectin-coated bead attaches to the dorsal surface of the leading edge and
recruits a second integrin, which recruits as second Iink to the cytoskeleton.
Because the two bound integrins are attached to the cytoskeleton, they
cannot diffuse away should they release from the fibronectin. Upon release
from the cytoskeleton, the integrins could diffuse away leading to
fibronectin-bead release. On the ventral surface, additional components
could stabilize the integrin-cytoskeleton complex perhaps in a forcedependent process. Such a position dependent binding and release cycle
could aid in ce11 migration (Nishizaka et al, 2000).
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Figure II.
Connections between integrins and actin include a direct linkage via
alpha-actinin and an indirect linkage via talin, vinculin, and alpha-actinin.
The interaction between paxillin and tensin involves the hypothetical
binding of the tensin SH2 domain to phosphorylated tyrosine residues in
paxillin, which potentially provides a phosphorylation-dependent association
of actin filaments with the focal adhesion proteins (Bray, 1998).
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Figure III.

One interpretation of the complex interactions between integrins and
their associated proteins in the context of a focal adhesion. Many proteins
found within these supramolecular complexes are not thought to interact
directly with integrin subunits, but rather contribute to the formation o f a
lattice-like protein network by bridging proteins within the complex. The
binding of this large complex to the integrin occurs via the beta chain
cytodomain, as illustrated (Critchley et al, 1998).
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Figure IV.
A triple-quadrupole ES1 rnass spectrometer with ion selection and
fragmentation capabilities. The first quadrupole (Ql) is used to scan across
a preset m/z range or to select an ion of interest, while the second (Q2)
transmits the ions while introducing a collision gas (argon)into the flight
path of the ion selected by QI. The third quadrupole (Q3) serves to analyze
the fragment ions generated in the collision ce11 (QZ)(Suizdak et al, 1994).
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Figure V.
The fragmentation process of protonated peptides occurs through
bocd ckavages resulting in different classes of fragment ions. Fragment
ions of type a, b, and c are generated if the charge is retained on the Nterminus of the peptide. The x, y, and z ions are formed when the charge is
retained on the C-terminus (Suizdak, 1994).

Procedure for Covalentlv Linkine CNBr-Se~haroseBeads to Antibodv
Dry beads were swelled in 1mM HCI for 2Omin ( l gram dry beads will make
3.5ml of swollen beads). The beads are then washed for lomin, again with HC1 on a
sintered g l a s filter, using gentie suction. The beads were washed at least 3 times with
approximately 200ml each wash, and dried with suction on the sintered glass filter each
time. The matrix was then washed with coupling buffer (containing O. 1M NaHCO;,

0.5M NaCI, pH=8.3) for a few seconds, finishing as quickly as possible. The activated
beads were transferred to a flask containing 60-400nM (1-5mg/ml) ligand in 30ml
coupling buffer. The antibody was first dialyzed for at least 3hr against coupling buffer.

The beads were incubated overnight at 4°C with the antibody (ie. Ligand). The following
day, the matrix was washed with 200ml coupling buffer on a sintered glass h e l using
gentle suction. The matrix was then placed in a flask and incubated for 2hr with lOOm1

C

Blocking Buffer ( 1 M ethanolamine, adjusted to pH=8.0 with HCI) at room temperature.
On a sintered g l a s funnel. the beads were then washed with lOOm1 Coupling Buffer, then

with IOOml Acetate Buffer (O. 1M NaOAc, 0.5M NaCI, pH=4.0). Four cycles of coupling

buffer followed by Blocking BuRer were used in the final step to ensure blocking of the
beads. The final wash was performed in Coupling Buffer, and the beads were stored in
this Coupling Buffer (containing 0.02% N d ; ) .

Inteerin Purification from Placenta
Human placenta was thawed ovemight at 4OC. The placenta was then washed in cold
0.9% NaCl(l5O mM), the amniotic membrane dissected off, and the blood clots washed

out. The placenta was then cut into small pieces and washed 4x with 0.9% NaCl. The
placenta was then homogenized using commercial blender for 30 seconds at low speed
followed by 30 seconds at high speed. The lysis buffer was then added, consisting of 1%

NP40, i 50 m M NaCl? 15 mM Tris-HC1 (pH 7 3 , 1 mM MgCl-, 0.2 mM CaCI2, and 1
mM PMSF. The lysis buffer was added at 500 mvplacenta and this mixture was then
stirred at 4OC for 3 hr utilizing a simple magnetic stir bar. The lysate was then
centrifüged at 3700xg for 30 minutes, and the supematant cenaifùged again at 3700xg for

an additional 1 hour at 4°C. The supernatant was then collected and incubated with 5mI
covalently-linked anti-integrin antibody-beads per Iiter of supernatant at 4OC ovemight.

(The supematant could be changed by letting the beads settle down for 1 hr).

The beads were washed 5-6 times (20: 1 / wash bufferbead volume) with buffer
containing 150 mM NaCI, 25 rnM Tris-HCI (pH 7 3 , 1 mM MgCl?, O. 1 mM Ca&

and

0.1% NP40. Following the extensive washing of the beads ( 3 4 x ) , the inte-gins were
eluted with buffer containing 100 mM glycine-Hcl (pH 2), 1 mM MgCI2. O. 1 mM CaC12.
50 mM n-Octyl P-D-Galactopyranoside (Sigma). The elute was collected into 2M Tns-

HCI (pH 8.2) at 2.5 ml Elute/O.5 ml Tris-HCI, rnixed and a sample taken for gel
eIectrophoresis. The remainder of the elute was stored at -20°C.
Pooled samples of integrins were dialysed against 150 rnM NaCI, 25mM Tris-HC1
(pH 7.4), 1 mM MgCl?, O. 1 mLM CaClz,and 10 mM rnM n-OctyI P-D-Galactopyranoside

at 4°C. The dialysis buffer was changed several times. Protein and functional assays
were performed to ensure quantity and quality of the purified integrin. Integrin

purification was performed by Keding Chen.

In-Gel Dieestion of Proteins for MALDI-TOF
Bands appearing following the Modified Silver Stain Procedure(Bi0-Rad) were

tnmrned from the gel using a scalpel, and each placed into separate microfùge tubes
containing 5% acetic acid. For al1 steps involving handling of the gel, fiesh powderless
gloves were used in order to preventkeduce sources of possible contamination (such as
human keratin). A clean scaIpel blade was used for excising bands of interest, and the
blade(s) were washed between bands in an attempt to prevent cross-contamination. The
bands were cut into fairly small fiagrnents in order to rnaximize the surface to volume
ratio. Following the transfer of the gel fragments to rnircofuge tubes, the fragments were

washed once by vortexing briefly in 50pL of O. 1M ammonium bicarbonate. The tubes
were then centrifiiged for 5- i Oseconds at 500rpm. The Iiquid was removed and
discarded. The gel fragments were subsequently shrunk in 3-4 gel volumes (- 15pL for
average mini-gel bands, and 4 0 p L for standard gel sizes) o f acetonitrile (Sigma) for
1 Sminutes at room temperature. The fragments were centrifiiged for 5 seconds and the

iiquid removed/discarded. Drying of the fragments was perfonned in a Speedvac for
about Sminutes without heat. The fiagments were swelled in 2-3 gel volumes of O. 1 M
ammonium bicarbonate containing 1OmM DTT for 1 hour at 56°C in order to reduce
cysteine residues. The tubes were briefly centrifùged, and the liquid discarded afier
allowing the tube to cool to RT. Two to three gel volumes of O. 1 M ammonium
bicarbonate containing 55mM iodoacetamide (Aldrich Chemicals) were added to alkyiate
free cysteines and the tubes then incubated at RT, wrapped in tin foi1 for 45min. with
occasional vortexing. The sarnples were briefly centrifùged and the liquid discarded. The

-gel fragments were washed by vortexing briefly in IOOpL of O. 1M ammonium
bicarbonate. The washing solution was removed and the gel fiagments shrunk in
acetonitrile. The gel pieces were swollen in 2-3 volumes of digestion buffer (SOmM
ammonium bicarbonate, 5mM CaCls, 5nghL excision grade =sin

(Calbiochem)) on ice

for 45min, and more solution was added afier 2Omin. if the gel fiagments appeared to be
dry. As much of the digestion buffer as possible was removed and replaced with 5- 1OpL

of digestion buffer without trypsin. The samples were allowed to incubate at 37°C
overnight. The tubes were then centrifuged briefly and the supematants transferred to
clean tubes. The peptides were then extracted by soaking the gel fragments in 2-3 gel
volumes of 20mM ammonium bicarbonate for 20min. at RT, with occasional vortexing.
The samples were centrihged and combined the extracts combined with the supernatants
from the ovemight digestion (in the previous step). The peptide fragments were then
further extracted by treating with 2-3 gel volumes of 5% formic acid (Sigma) in 50°h
acetonitrile for îOmin. at RT. This extraction was repeated once more, then al1 the
extractions were combined. The combined extracts (from both m 4 C O j and formic
acid/acetonitrile) were then dried down in a vacuum centrifuge (without heat) and stored
at -20°C until submitted for Zip-Tip (Millipore) desalting and mass spectral analysis.

Final S a m ~ l ePreaaration and Instrumentation
Lyophilized samples were reconstituted in lOuL of 20mM ammonium
bicarbonate, then drawn up and expelleci 1Ox across the C 18 column contained within
ZIP-TIPs to maximize protein binding. The ZTP-TIPs were subsequently washed with
ammonium bicarbonate buffer (20mM) and eluted with 2.0uL o f 5% formic acid+SO%
acetonitrile. In an atternpt to prevent formlyation of the peptides, 0.1 % trifluoroacetic
acid (TFA)+SO% acetonitrile was used for the elution buffer. TFA was then added (if not
used during elution) to O. 1% to promote ionization of the proteins from the matrix and

facilitate acquisition of mass spectra.
Incorporation of the peptide samples into a solid matrix was perforrned
immediately prior to acquisition of the mass spectxurn from the sarnple. A total of O.6uL
of dihydroxybenzoic acid (DHB) was placed on the probe tip and allowed to crystallize at
room temperature. FoIlowing crystallization, 0.6uL of the purified protein (extracted

From individual bands of the gel) was place directly on top of the solidified crystal
matnx. The solvent was allowed to evaporate pnor to obtaining the mass spectrum of the
peptides. Mass spectral analysis of isolated peptides was conducted using MALDI
quadrupolelTOF (QqTOF) tandem mass spectrometer, adapted from a prototype of the

Sciex QStar. Up to 40 MALDI sampies cm be deposited onto a custom-built, cornputercontrolled 2D positioner. Ions are produced with a UV NI-laser operating at 20 Hz, and
focused to a spot-size of about 0.3 mm'. The acceleration voltage of the TOF section has
been increased to 10 kV from 4 kV to improve the detection efficiency for singly-charged
MALDI-generated ions.

Analvsis of Mass S~ectra
The mass fuigerprints were anaiyzed using f?eely available internet software
programs. Peptident (www.expasv.ch)and ProFound (www.~rowl.com)were the hvo
progarns used to analyze the acquired peptide mass fingerprints. Through the u s e of two
separate programs for the analyses, our confidence in the obtained results increased.
Specific peptide masses were then individually selected fiom the peptide mass
fingerprints for tandem mass spectrometry in order to gain sequence information o n the
selected peptide. For analysis of peptide fragmentation patterns acquired through the use

of tandem mass spectrometry, two independent programs were again used to increase
confidence in the obtained results. PepFrag (~vww.~rowl.com)
and MsTag
(prospector.ucsf.edu) were used to confirm the results obtained the other. FirrciMoC
(mvw.ex~asv.ch)
was utilized for the purpose of identifiing various chernical

modifications to unidentified peptides that may have adversely affected their
identification through the use of the afore mentioned prograrns.

Results
Preliminaw Studies:
As a preliminary test of the protocol, a sarnple of purified bovine serurn
albumin (BSA) was run on an SDS-PAGE gel. The gel was silver-stained and a band
at approximately 66kDa was cut fiom the gel and processed for analysis by mass
spectrometry. Figure 1 represents a photograph of a silver-stained 10% SDS-PAGE
gel used to separate components of purified bovine serum alburnin (BSA). Ten

micrograms (1 5 1Spmol) of BSA were loaded onto the gel and the dominant band
selected for analysis via mass spectrometry. The major band was selected on the basis
of molecular weight similarity to the theoretical value for BSA, as well as band
intensity. Figure 2 shows the peptide mass fingerprint of protein(s) extracted from the
selected band. The pattern of peaks represented in this frngerprint were converted
simply to peptide masses and analysis by cornputer programs Peptldent and Profound.
The analysis led to the conclusion that the peptide masses present in the fingerprint

match the digestion pattern that would be generated through the tryptic digest of
bovine semm alburnin. Figure 3 dispiays the results obtained fiom the bioinfonnatic
analysis using the afore mentioned Peptldent. The sarne results were obtained when
the analysis was performed on the same set of peptide masses ushg Profound. The
analysis of the peptide mass fingerprint via two independent programs identified the
protein as bovine serurn alburnin. In fact, 12 peptides were identified as belonging to
purified bovine serum albumin, and these peptides represent just over 25% of the
molecule. There is a great deal of experimental information which must be entered

and parameters set for efficient use of the hgerprint analysis program(s). For

interpretation purposes, Figure 3 has been labelled with small nurnbers and the
corresponding input parameter described here:

(1 ) Name given to sarnple

(2) Database and species against which the peptide mass fmgerprint was
searched
(3) pI and Molecular weight of the protein (will be bracketed by 30%)
(4) List of experimentally acquired masses fiom peptide fingerprint

(5) Maximum allowable difference between experimental peptide mass and
peptide mass fkom database
(6) Minimum number of matching peptides required to show respective

candidate
(7) Maximum number of matching protein candidates to show
(8) Monoisotopic peaks were labelled and MALDI generates peptides with a
single positive charge
(9) Enzyme used for protein digestion and number of cleavage sites the
enzyme was allowed to miss within a single peptide

(10) Known or suspected chemical modifications to peptide(s) due to sample
preparation (treatment with iodoacetamide and exposure to acrylamide monomers)
(1 1) Allowance for oxidized methionines within peptides
(12) Score represents the certainty with which the program has identified the
correct protein (based on number of matching peptides and protein coverage). Best
possible score is 1.00.

(13) Total number of peptide masses fiom the peptide f i n g e r p ~that
t match
the respective protein (fiom database)

(14) SwissProt accession number of matching protein (fiom database)
(15) SwissProt narne assigned to matching protein fiom database
(1 6) Description of matching protein fiom database
( 17) pI of matching protein fiom database

(18) Molecular weight of matching protein fiom database

(19) User mass column represents the experimentally acquired masses used in
search aga% database
(20) Mass of matching peptide fiom candidate molecule in database
(2 1) Difference in parts per million (ppm) between the experirnental mass and
matching mass fiom candidate protein
(22) Number of Mssed cleavages within a rnatching peptide
(23) Modification(s) to peptide allowing for respective masses to match
(24) Position of peptide within candidate protein from database

(25) h i n o acid sequence of matching peptide fkom candidate molecule
(26) Difference in molecular weight between user entered mass and theoretical
mass of candidate molecule

(27) Percentage of candidate protein covered by matching peptides
(28) Complete amino acid sequence of candidate molecule. Indicated in
capital letters are the amino acids accounted for with matching peptides

This preliminary test demonstrated successful identification of approxirnately
150picomoles of bovine serum albumin. This preliminary data suggests that the
technique itself works and that the current protocol can be applied to other sarnples for
protein characterization.

Results from Alpha-v/Beta-3 Intemin Preparations:
The integrin alpha-v/beta-3 was purified fiom human placenta as previously
described. The purified integrin sample was run a number of tirnes on SDS-PAGE
gels and silver stained. In order to obtain the best separation of protehs through a
broad mass range, gel concentration and voltage were delicately adjusted . The
gradient gel shown in Figure 4 (left) represents the conditions which maximized

separation and minimizzed d i f h i o n of proteins in the preparation under reducing
conditions. Figure 4 (right) shows the same gel following band excision. The
presence of various bands at molecular weights uncharacteristic of any integrin
subunit was surprising. The alpha-vheta-3 integrin was purified under quite stringent
conditions not thought to favour any type of molecular association. These various
lower molecular weight bands were thought to possibly represent associated proteins
which interact strongly with the purified integrin. The bands which could be
visualized were cut fkom the gel and processed for mass spectral d y s i s . Based on
molecular weight and intensity, band A was believed to contain the integrin alpha-v
subunit. Band B was believed to contain the integrin beta-3 subunit, again based on
molecular weight and intensity. Each gel fragment was analyzed by mass
spectrometry to generate the respective peptide mass fingerprints. The proteins
contained within the bands were identified by their fingerprints. Figure 5 shows the
peptide mass fingerprint of band A (see Figure 4), a protein later identified as the
130kDa alpha-v integrin subunit. The height of the peak represents relative abundance
of the peptide ions observed, while the x-axis represents the mass to charge ( d z )
ratio. For MALDI, the charge obtained by an individual peptide is almost always +1,
therefore the m/z can simply be interpreted as the rnass of the corresponding peptide.
Individual peptide peaks were labelled based on peak intensity using a program called

TOFUA (Time Of Flight Mass Analysis). Only the monoisotopic peaks fiom an
individual peptide mass 'cluster' were labelled. This allows consistent interpretation of
mass spectra. The mass values of these peaks were then used to search the
database(s). Virtually every peptide from the fingerprint could be accounted for as
belonging to the integrin alpha-v subunit. The few peptides which did not correspond
to the alpha-v integrin subunit were background peaks also ap-g

in the fingerprint

of the control gel piece (data not shown). The analysis of the peptide mass fingerprint
was performed using Pepildent and Profound. Utilizing two independent programs,

which search against different databases, allows for a more confident analysis. The
analysis is accepted with greater confidence when quivalent results are obtained
using independent programs which ~ a r c distinct
h
databases. Identical results were
obtained fiom each program and are shown in Figure 6 and 7 respectively.
Following the identification of the fingerprint as belonging to the alpha-v
integrin subunit, tandem mass spectrometry was carried out on a select nurnber of
peptides identified as belonging to the alpha-v integrin subunit. Figure 8 shows the
fragmentation pattern of the 1413.8Da peptide selected from the peptide fmgerprint.
To confirm the origin of the peptide, the anaIysis of the fragmentation pattern should
yield the same sequence originally suggested by MsTag/PepFrag analysis of the
peptide fmgerprint. Monoisotopic peaks were labelled manually using TOFM on the
basis of intensity. TOFUA is a program developed by Werner Ens (Department of
Phy sics, University of Manitoba), allowing visualization of acquired mass spectra as

well as various spectral manipulations, including peak labelling. Cornparison of the
generated fragmentation pattern with databases containkg al1 known peptide
sequences was performed using MsTag and PepFrag. The the analysis of tandem
mass spectra for selected peptides confirmed the presence of the alpha-v integrin
subunit the band A. MsTag results obtained fiom the analysis are shown in Figure 9.

Important features of MsTag output files are indicated by nurnbers in parentheses.
Many categones are self explanatory or have been described already for PeptIdent. A
b i e f description of critical variables is given here for interpretation purposes:
(1) The nurnber of proteins tiom the database whose mass was within the range

entered for the unknown protein.

(2) The mass of the parent peptide selected for tandem mass spectrometry
including the allowable mass difference for searching against the database.
(3) Masses of fiagmentation ions generated through tandem m a s spectrometry
of the seiected parent peptide.

(4) Types of ions considered by MsTag when searching for matching peptide

sequence fiom database.
(5) The expected chemical status of the N-terminus of the peptide.
(6) The expected chemical status of the C-terminus of the peptide.
(7) Total number of ions fiom the experimental fhgmentation pattern not

matching the suggested amino acid sequence.
(8) Suggested sequence for the selected peptide (based on fiagmentation

pattern analysis).
(9) Monoisotopic mass of the suggested amino acid sequence.

(10) Mass difference between the user entered peptide mass and the calculated
mass of the suggested amino acid sequence.
(1 1) Number assigned to the alpha-v integrin subunit in the MS-Digest Index.

(12) Characterization of the individual fragmentation ions with respect to ion
series or internai ion sequence.

Band B (see Figure 4) was suspected to contain the beta-3 subunit as it
appeared at approximateiy 12OkDa, the expected molecular weight range for this
protein subunit. This band was anaiyzed successfully utilizing the sarne procedure as
described above. Again, TOFUA was used in tandem with the mass spectrometer for
peptide fingerprint creation (Figure 10). The analysis was then performed using
Peptldent and Profound (Figure 1 1 and 12 respectively) and the protein was identified
as the beta-3 integrin subunit. Several peptides masses were again selected for

fragmentation by tandem mass spectrometry, an example of which is the 182O.8Da
peptide (Figure 13). The subsequent analysis of the fiagmentation pattern was
performed utilizing MsTag and PepFrag (Figures 14 and 15 respectively) as
previously described. The results from tandem mass spectrometry were consistent
with the analysis of the peptide fingerprint for the identified beta-3.

Figure 16 is the Peptldnt output file generated when al1 peptides identified as
alpha-v are incorporated into a single analysis. From fingerprint analysis, a total of 40

peptides could be identified as belonging to the alpha-v subunit. in a number of cases,
more than one peptide was shown to cover a particular amino acid sequence.
Chernical modification of some peptides resulted in the presence of multiple peaks
corresponding to an individual peptide. Alternatively, missed cleavages can lead to
overlapping protein sequence coverage by individual peptides. Taking each of these
possibilities into consideration, the 56 peptide peaks were identified as integrin alphav and found to cover 43.1 % (accounting for 463/1018 amino acids) of the entire

protein sequence. This calculation does not take into account the 30 arnino acid signal
sequence as this portion wouid not be present in the mature protein. In addition,
tandem mass spectral analysis was performed on 14 of these 56 peptides, each

fragmentation pattern connmiing the amino acid sequence suggested by analysis of
the fingerprint. It should be noted however that the most peptides recovered fiom the

alpha-v band in a single experiment was 22. This corresponded to a 27.4% coverage
of the entire protein sequence.
Similar analysis was performed on the integrin beta-3 fingerprint. In this
instance, a total of 34 peptides covering 38.7% (accounting for 2981762 amino acids)
of the molecule were identified (Figure 17).
A single alpha-v/beta-3 preparation was run four times and results fiom

analysis of the mass spectra were consistent between runs. Another preparation of
alpha-vheta-3 was analyzed in exactly the same way as the fust preparation, again
confirming the identification of alpha-v and beta-3 fiom major bands.
The lower molecular weight bands of lesser intensity (see Figure 4) were not
found to correlate well with any protein in SwissProt or NCBI-nr databases based on
fingerprint analysis. Figure 18 represents the peptide mass hgerprint from band G of
the gel. This particular fingerprint is used as a representative example for the

remaining fingerprints obtained fiom bands on the gel (see Figure 4). Each band did

indeed have a unique fingerprint, however the analysis of peptides fkom each
individual band gave similar results to those fiom band G. The fingerprint of band G
was analyzed through selection of individual peptides for MSMS and fkagmentation

pattern analysis. Tandem mass spectrometry of several peptides contained within
these bands identified many as onginating fiom either the alpha-v or beta-3 integrin
subunits. The respective peaks of the fingerprint are labelleci accordingly as alpha-v,
beta-3, T (trypsin), or B (background). Identification of a few of these peptides was

fairly straight forward, but the vast rnajority of peptides found within these
fingerprints were more difficult to identify. A more thorough analysis of the spectrum
in the context of potential chernical modifications to peptides during processing was
required. Table 1 summarizes the characterization of peptides recovered fiom each
band of the gel. Again, Table 1 is used here to represent the typical results obtained
from any single experiment in a series of identical atpha-v/beta-3 sample runs.

During the analysis of the peptide fïngerprints generated fiom in-gel digestion
of individual bands, it became apparent that peptides belonging to the integrîn alpha-v

subunit were present in multiple bands. Tandem mass spectrometry performed on
selected peptides and results fiom the analysis of the hgmentation patterns generated
pointed to the presence of the integrin alpha-v subunit. Since the molecular weight of
many of these bands was well outside the predicted molecular weight of the alpha-v

band, it was suggested that the alpha-v subunit may have undergone lirnited
proteolysis during the imrnunopurification procedure, thus leading to the formation of
alpha-v fragments. To visualize the extent to which integrin alpha-v breakdown

components appeared, the aipha-vlbeta-3 preparation was run on a gel and transferred
to nitrocellulose. The membrane was then detected using a panel of anti-alpha-v

antibodies, thus allowing detection of the maximal number of breakdown fragments

(data not shown). The detected membrane illustrates the presence of alpha-v integrin
subunit components in multiple bands dong the length of the gel.
Various peptides from the lower molecular weight bands were selected for
sequence analysis via tandem mass spectrometry. While the vast majority of peptides
extracted fkom these bands were found to correspond to either alpha-v or beta-3
integrin subunits, one 'associated protein' was identified. This protein was identified
through the fragmentation patterns of two individual peptides (1 790.9 and 1954.1) as
actin. Figure 19 displays the PepFrag analysis of the 1954.1 kDa peptide which was
identified as an actin peptide. Unfortunately, no other peptides could be identified
which corresponded to actin or any other potentially associated protein.
Potential chemical modifications were taken into account based on the series of
chemical exposures during sample preparation. Chernical modifications found to be
important during this investigation are shown in Figure 20 and calculated using the
program FindMod (data not shown). An exarnple of tandem mass spectrometry
analysis of a selected peptide suspected to have undergone chemical modification is
shown in Figure 2 1. Figure 21 represents the analysis of a 23 8 1.2 Da peptide using

MsTag. This particular peptide was found to be chemically modified by fomic acid.
This formic acid modification resulted in a mass shifi of 28 Da between the selected
peptide and unmodified parent peptide (2353.2 Da). Deamination was also identified

as a relevant chemical modification in the analysis of peptide fingerprints obtained
using our current protocol. This modification results in a loss of an NH3-group (1 7Da)
fiom the parent peptide, the PepFrag anaiysis of intact peptide is shown in Figure 22a,
while the peptide having lost the NH3-group is identified in Figure 22b. Chemically
modified peptides were comrnody found in peptide fmgerprints. In actuai fact, 56
peptides were recovered fiom gel fragnients which could be identified as alpha-v.
However, after taking into consideration al1 of the chemical modifications, only 40 of

these corresponded to unique peptides. Table 2 illustrates the relative numbea of
peptides with specific chemical modifications that were identified as alpha-v.
Further experiments were conducted to determine the effect of gel piece
maceration (prior to peptide extraction) on peptide recovery fiom the gel pieces.
Alpha-v alone was investigated with respect to this technical alteration. It was found
that gel maceration irnrnediately prior to peptide extraction increased the total number
of peptides identified as alpha-v that were recovered from the respective gel

fragments. The maceration experiment was performed a single t h e and compared to
the alpha-v peptide recoveries fiom 4 experiments run under the same conditions,

without gel maceration. Table 3 represents this comparison. It should be noted that
while this comparison is based on a single experiment involving gel maceration,
peptide recovery fiom this one experiment surpassed the recovery efficiencies of al1

four non-macerated gel extractions.

Figure 1.
Photograph of a silver-stained SDS-PAGE gel fol lowing separarion of
puri fisci bovine seruni albiiriiin (BSA). Photograplis wei-e takeii before and aliei- the
gel band \vas i-einoved fi-om the gel. The band of high intensity (appi-osimately
70kDa) was cut fiom the gel as this band was predicted, on the basis ofinoleculaiiveiglii and iiirensity. to contain the purified %SA. The various otl-ier visible bands
were not ciit fi-oin the gel as the focus of this expei-irnent was on utilizing BSA alone
as a positive LCSL inolec~ilefoi- rlir establislied procedures.
V

Peptide mass fingerprinting
Namc given to unknown

BSA (trypsin=Sng/uI)

(2)

Species searched:
Database searched:

MAMMALIA
S WISS-PROT

'"

pi: O - C U
MW:70000

(')

Peptide masses for
unknown protein:

('

' protein:

range: 49000 - 9 1000
927.515 1249.64 1 1283.734 1305.728 1439.83 1 1479.506 1536.828
1567.762 1595.775 1 87 1.948 l8SO.933 18SS.960 1894.987 192 1.359
1936.99 1 2045.047 2503.203
*30 ppm

(5) Tolcrance:

3Iinimurn number of
(6) peptides required to

10

match:
3Iasimum number of
'7' rnatching proteins to
10
print:
( 8 ) Using monoisotopic masses of the occumng amho acid residues and intepetin3 your peptide
masses as [ ~ . I + H I ~ .
( 9 ) Enz)me: Trypsin, allowing for up to 2 rnissed cleavages (#RlC).
Cysteine treated with Iodoacetarnide to forrn carboxyamidomeihyl cysteine (Cys-CAM), with
'Io) ncrylnmide adducts (Cys-PAM).
(1 11 Methionine in oxidized form.
Scan done on 29-Feb-2000,SWISS-PROTRelease 38 and updates up to 15-Feb-2000: 83857
entries.

1 matches found.
( 1 2)

Score

(13)

X peptide
matches

12

Figure 3.

(14)

AC

(16)

Description

CHAD! 1: SERUM ALBUhllN. PO2769 ALBU-BOVIN-1 Bos taunis (Bovine)-

j-6066432.96

Da (5.1%)
(27)25.4% of sequence covered:

(26)AMw: 3567.0

(25)

I
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I

I
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Figure 4.
Photograph (left) of a purified alphaVlbeta3 preparation following
separation on an SDS-PAGE gel and silver-staining. Molecular weight
standards (MWS) range £kom 2 13-32.6 kDa. A total of Zoug of purified
alphaVlbeta3 was run and obvious bands were chosen for excision and
funhei- characterization by mass spectrometry.
Photograph (right) the same SDS-PAGE gel following band excision.
The excised bands were labelled accordingly and the respective bands were
then labelled on the photograph of the intact gel for accurate record keeping.
Protrins were hrther extracted from individual gel pieces in preparation for
mass spectral analysis.
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PeptIdent
Peptide mass fingerprinting
Same given to
unknown protein:
Species searclied:
Database
searched:
pl: G - C A
MW:130000
Peptide masses
for unkno~vn
protein:

Feb23,2000,A

HOMO SAPIENS (JiW'MAN)
S LVISS -PROT

range: Ci - 260000
894.342 923.427 925.372 1009.461 1 U S . j O G 1OjS.S 1 1O52.j% lO66.546
1080.53 1 1092.527 1174.564 1202.556 1230.548 1259.515 1286.659 1;8j.70;
1390.647 1399.713 1413.724 1421.629 1419.629 1465.679 1193.680 1577.729
1592.79 1 1605.740 1626.83 1 186 1 -848 1 873.854 1998.02 i 2007.940 1025.997
2054.004 2073.030 2 101-015 2163.026
130 ppm

Tolerance:
Minimum
number of
12
peptides requ ired
to match:
Masirnu rn
ournber of
1O
matching proteins
to print:
Usin-: nioiioisotopic muses of the occumng aniino acia residues and in~erpretingyour pepride
nizsses 3s [ M + H ] ~ .
E i i q n i t i : Trypsiii' alloning for u p to 2 missed cleavages (+ZIG).
Cysieiiie trea~ecwith Iodoacetarnide to forni carbosyamidomerhyl cys~einc(CUI-CAiM). ivirii
acrylamidc adducts (Cys-PAM).
hlethionine in osidized forrnSczn done on 25-Feb-1000, SWSS-PROT Release 3 S ana uptiztes up ro 15-Feb-2000: S3S5;
entriez.

Figure 6.
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PeptIdent
Peptide mass fingerprinting
Piame given to
unknown protein:
Species searched:
Database searched:
pl: 0 - a3
MW:130000

Feb23,2000,B

HO.MO SAPIENS
SWISS-PROT
range: 0 - 260000
93 1-455 1052.530

Peptide masses for
unknown protein:
Tolermce:
Minimum nurnber
of peptides required 9
to match:
IMaximum number
of matching
10
proteins to print:
Using monoisotopic masses of the occurrine amino acid residues and inrerpreting your peptide
masses as [M+H]+.
Enzyme: Trypsio, allowing for up to 2 missed cleavages (#MC).
Cysteine ueated with Iodoacetomide to l o m carboxyamidornethyl cysteine (Cys-CAM), with
acqhmide adducts (Cys-PAM).
,Methionine in oxidized form.
Scan done on 25-Feb-2000, SWISS-PROT Release 38 and updates up to 15-Feb-2000: S3S57
entries.

I matches found.
6 peptide
marches

AC

Description

PI

MW

CHAIK 1 : PLATELET .ME;MBR4XE
4.95 S15 i 7.75
GLYCOPROTEK III,\. - Xotno
sapiens (Humanj.

/ ~ ~ c o r0.32.9
e:
matching peptides: PO5106 (ITB3-HUM.kY) pl: 4.95, MW:W517.75
IN LIM. - Homo sapiens (Human).

A b i i v : 45452.3 Da (35.0%)
14.0% of sequence covered:
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PepFrag Search Results
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' Beta-3 band.i 820.53.MS2 a n a i y s
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.Li~.li~rnum
numoer of proteins in result: 1 O
Procein miss: 0.0-3000.0 kDa
Proteir. pl. 0.0-15.0
Ioaoacera~ae
Emyme: Trypsin, F of incompletes: 2
*

-

Mws of parent peptide: 1819.8 -:-0.1 . charge sure = 1Maxunurn number of phosphoryiations per peptlde: O S.T and O Y.
Frzemenrs: 175.1, 236.2.3 14.1, 556.2, 655.3. 505.4, 1047.5, 1133.6, 1360.7. 2431.7, Enor: O.?. Matches:
~onb-pes:b, b', y", y', Carboxypepubc. Amuiopeptidue
Searching: sprot-primates

ITBI HL'MAY
-PL.ATELET MEMBFLASE GLYCOPROTEIS IL4 PRECURSOR i GPIILA j ( I S T E G W BET.4- 3 r

I c D ~ Ï )- HOMO SAPIESS (HCM4K) m a s = 90319.6 Da. pI = 5.1
175.12 -7- 0.10 Da:y"1 (175.12 Da)
246.15 -1- 0.10 Da:y"2 (246.16 Da)
3 14-14 -1- 0.10 Da:
556.25 -1- 0.10 Da:
658.35 -!-0.10 Da: y"6 (658.33 Da!
805.42 - - 0.10 Da:~ " (805.42
7
Da)
1047.54 -i- 0. IO Da: y"9 ( 1047.55 Da)
1134.58 -1- 0.10 Da:y"10 ( 1 134.53 Da)
1360.66 -:-0.10 Da:y r ' l t (1360.67 Da)
133 1.69 -'- 0.10 Da: fr13 (1431.71 Da)
X o t searched: sprot-rodents

Sot searched: sproi-other-marnmals
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PeptIdent
Peptide mass fingerprinting
S a m e given to
un known protein:
Species searched:
Database searched:
pI: 0 - 0 0
$ 1 ~ 130000
:

A11 extracted peptides for alpha-\.
HO-MO S M I E N S (Huh4A.i.N)
SWISS-PROT

range: 91000 - 169000
869.5 925.37 979.5 999.6 1038.55 1009.46 105233 l I X j 6 1642.S 1267.65 1286.66
Peptide masses for 1247.6 1360.69 1383.75 I 3 W . i l 1413.72 1421-63 1423.7 1465.68 1185.74 1592.79
unknown protein: 1577.73 1626.83 1652.8 1847.9 1878.85 1668.7 1998.02 2073.03 2293.1 7 3299.1
2353.2 2368.08 2407-08 2743.2 2749.24 2791 -5 3037.53 3165.59 3567.7i
Tolerance:
r 4 0 ppm
hlinirnum number
of peptides
required to match:
Maximum number
of matching
proteins to print:
L'sing monoisotopic masses of the occurrïng amino acid residues and interpreting your peptide masses as

pl+^]-.
Enzyme: Trypsin, allowing for up to Z missed cleavages (#MC).
Cysteine aeated with Xodoacetamide to fom carboxyarnidomethyl cysteine (Cys-C.Abf), with acelamide
adducts (Cys-PAM).
Methionine in oxidized form.
Scan done on 13-Mar-2000, SMrISS-PROT Reiease 38 and updates up to 15-Feb-7000: 8 3 S 5 T entnes.

2 matches found.
# peptide

Description

Score

matches
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PeptIdent

Peptide mass fingerprinting
Name given to
All extracted Beta-3 peptides
unkaown protein:
HOMO SAPIENS (HUMAV
Species searched:
Database searched: SwISS-PROT
pI: O - cç
M W : i GO000
range: 70000 - 130000
709.3 882.6 893.5 959.55 980.55 lO6OSOj 1123.63 1 160.572 f 184.6 1277.6
Peptide masses for 1223.561 123 1.6 1266.686 1282.7 1389.7 1420.7 153 1 .S 1552.6 15 10.572
un known protein: 1729.823 1763.827 1791 -766 1795.81 1 1820.847 1862.8 1834.8 2023.07
2067.9342283.0 2289.0 2338.0 2418.2 2432.2 2685.4 2962.1
140 ppm
Tolerance:
Minimum number
of peptides required
to match:
.Maximum number
of matching
proteins to print:
Using monoisotopic masses of the occurring arnino acid residues and interpreting your peptide
masses as [M+H]+.
Enzyme: Trypsin, allowing for up to 2 missed cleavages (#MC).
Cysteine treated with Iodoacetamide to forrn carboxyarnidomethyl cysteine (Cys-CAM), with
acr-yiamide ridducts (Cys-PAM).
Methionine in ovidized form.
Scan done on 20-Mar-2000,SWISS-PROT Release 38 and updates up to 15-Feb-2000: S3857
entries.

1 matches found.
# peptide
''Ore

0.9'1;

Figure 17.
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Description

PI

tMw

CHAIN 1 : PLATELET MEMBRANE
GLYCOPRGTEE+<
HIA. - Homo
4.95 S35 1 T.75
sapiens (Human).

&MW: 15482.2 Da (1 5.5%)
38.7% of sequence covered:

PepFrag Search Results
March 8i2000 I (unknon-n) 1'X=.O9
Database: sprot
Kinsdom: primates
.V~ximurnnumber of proteins in result: 10
Protein m a s : 0.0- 1 50.0 kDa
Protein pl: 0.0- 15.0
Acrylarnide
Enzyme: Trypsin, = of incornpletes: 2

-

. .
iMass of parent peptide: 1953.1 +/- 0-1 , charge state = 1
Maximum number of phosphoryIations per peptide: O S/T and O Y.
Fragments: 310.2, 325.2, 356.1, 465.2: 493.2, 568.4, 635.3, 663.2: 689.4, 724.4: 760.4, S02.4.831.5,
859.5. 944.5, 972.5, 1085.6, 1168.7, 1216.7, 1291.8, 1315.7, 1386.8, 1540.9, 171 1.0. Error: 0.1,
_Matches; 14
Ion [)Tes: c,.'2 b, b*, y", y*, Carboq~eptidase,-4minopeptidase
Searching: sprot-primates

.A-CTB HC-vl.O!' ACTIN, CYTOPLASMIC 1 (BETA-ACTIN) - HO-MO S.4Pf EXS (HUM.AIX),
MUS MUSCULUS (MOUSE), RATTUS NORVEGICUS (RAT), BOS TAbXUS (BOVINE), AND

GALLUS GALLUS (CHICKEN) mass = 42135.9 Da, pI

310.21 -!-0.10 Da:
325.20 -!-0.10 Da:
356.15 +/- 0.10 Da:
465.22 -/- O. 1O Da:
493.22 4- 0.10 Da:
568.36 -1- 0.10 Da: y"5 (568.35 Da)
635.34 -1- 0.10 Da: 36 (635.32 Da)
663.33 il-0.10 Da: b6 (663.3 1 Da)
689.3 7 -/- O. 1O Da:
723.45 -1- 0.1O Da:
760.40 -/- 0.10 Da: b7 (760.36 Da)
802.45 -1- 0.10 Da:
83 1.48 +/- 0.10 Da: a8 (83 1.44 Da)
859.45 -1- 0.10 Da: b8 (859.43 Da)
944.5 5 -/- 0.10 Da: a9 (944.52 Da)
972.54 +!- 0.10 Da: b9 (972.5 1 Da)
1085.61 +/- 0.10 Da: b10 (10S5.60 Da)
1 168.70 +/- 0.1 0 Da:
12 16.66 -?- 0.10 Da:
1291.82 -!-0.10Da:y"12(1291.76 Da)
1315.72 +- 0.10 Da: b l 2 (1315.69 Da)
1386.73 -. - 0.10 Da: b13 (1386.73 Da)
1510.S6 -!-0.10 Da: y*14 ( 1 540.86 Daj
1710.97 -.- 0.10 Da: b16 (1710.91 Da)

Figure 19.
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Figure 20.
Chernical treatment of peptides results in the respective chernical
modifications illustrated. Lysine is an example of a basic amino acid.

PepFrag Search Results
Spectrum aescnption:
Alpha-v peptide 1052.58 (unmodified)
Database: sprot
Kingdom: primates
.Mauimum nurnber of proteins in result: 1O
Protein mass: 0.0-300.0 kDa
frotein PI: 0.0- I 5.0
Acrylarnide
Enzyme: T-rpsin, of incornpletes: 2

. M s s of parent peptide: 1051.6 +-/-O. 1 ,charge state = 1
,Maximum nurnber of phosphorylations per peptide: O S!T and O Y.
Fragments: 175.1, 334.1, 387.2, 431-2, 448.2, 492.3, 544.2, 561 -3, 643.3, 660.3, 825.4, 922.4. Enor:
O. 1, .Matches: 7
Ion types: a a*. b. b*. y". y*. Carboxypeptidase. -4minopeptidase

-

Searching: sprot-primates
ITAV HLJMATyVITRONECTm RECEPTOR ALPHA SUBUKIT PRECLXSOR (NTEGRIX
Da pI = 5.5

ALPHA-V) (CD5 1) - HOiMO SAPIENS (HUMAIN) mass = 1 17328.1

FQTTKLSGFEF.WGSAI
175.12 +i- 0.10 Da: y"l (175.12 Da)
334.13 i/- O. I O Da:
387.20 40.10 Dit: a*4 (387.23 Da) -.
431.15 +/- 0.10 Da:
448.17 4-0.10 Da:
492.29 +!- 0.10 Da: y"4 (492.29 Da)
544.24 40.10 Da: b*5 (544.27 Da)
56 i -26 +:'- O. I O Da: b5 (56 1.27 Da)
633.3 1 +/- O. I O Da: b*6 (643.34 Da)
660.32 4-0.10 Da: b6 (660.33 Da)
825.42 -!-0.10 Da: y"7 (825.43 Da)
922.44 -/- 0-10 Da: y*8 (922.47 Da)

Search time

Figure 27 a
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s
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PepFrag Search Results
Spec trum aescnption:
March S/2000 A (alpha-v) 1035.533

Database: sprot
Kingdom: primates
>?aximum nurnber of proteins in result: I O
Protein m a s : 0.0-1 50.0 kDa
Protein FI: 0.0-1 5 .O
Acrylarnide
Enzyme: Tqpsin, = of incompletes: 2

. .Mass of parent peptide: 105 1.5 4-0.1 , charge state = l+
.Mairnum number of phosphoryIations per peptide: O S n and O Y.
Fragments: 120.1, 175.1, 268.1, 277.1, 387.2. 415.2,492.3, 526.1, 544.2, 615.3. 62: 3 , 625.3, 643.2,
768.4, 525.4, Error: 0.1, matche es: I O
Ion types: a. a*, b, b*, y", y*, Carboxypeptidase, Arninopeptidase
Searching: sprot-primates

iT.4\' HUhl;\h; VITRONECTE RECEPTOR ALPHA SUBLXT PRECLXSOR (ISTEGRK
ALPHA-V) (CD5 1) - HOMO SAPIENS (HUMAN) mass = 117328.1 Da. pI = 5.5

120.07 +/- 0.10 Da:
175.10 +i- 0.10 Da: y"l (175.13 Da)
268.13 -i- 0.10 Da: b*3 (268.16 Da) -.
377.10 i!
0.10
Da:
387.18 +/- 0.10 Da: 3*4 (387.23 Daj
415.18 +/- 0.10 Da: b*4(415.32 Da)
493.27 +/- 0.10 Da: y"4 (19329 Da)
526.2 1 40.10 Da:
544.22 +/- 0.1 O Da: b* 5 (544.27 Da)
6 15.30 -4-0.10 Da: n*6 (G 15-34Da)
621.31 -!-0.10 Da: f"'(621.34 Da)
635.29 ri-O. 1O Da:
643.30 +'-0.10 Da: b*6 (613.34 Da)
768.39 -!-0.10 Da: y"6 (768.40 Da)
825.43 +i- 0.1 0 Da: y"7 (825.43 Da)
Search time = 1 s

Figure 22 b

Table 1.
Peptides extracted fiom individual bands on the gel were analyzed through mass
spectrometry. For identification or confimation of peptide sequences, many individual
peptides were m e r investigated using tandem mass spectrometry. For each labelled
band on the gel, the peptides comprising the peptide m a s fingerprint were identified and
the results sumrnarized below.

Identification
Band

I
I

1

A

I

I

Peptides
Chrrracterized

16 alpha-v

4 alpha-v

1

D

6 alpha-v
2 beta-3
5 alpha-v

1

E

3 alpha-v

1

F

3 alpha-v

I

H

I

I

J

I

K

I
1-

I

C

I

5 alpha-v

1 actin

1 alpha-v
2 alpha-v

Table 2.
Proportion of peptides from alpha-v and beta-3 with specific chexnical
modifications.

Modification

Modification
1
Acrylamide
Iodoacetamide
Forrnic Acid
1 Loss of NH3
1
1 Oxidized Methionine /

[ No

1 Total

1

Alpha-v
24

1

11
2
15
1

1

3

1

5 6

1

Beta-3
17

1

1O

,

6

1
O

3 6

1

A

1

1

Table 3.
Peptide recovery fiom rnacerated and non-macerated gel fragments was
compared. Only the recovery of peptides from the 'alpha-v' band were compared as a
preliminary test of the modification in protocol.

Number

of Alpha-v Peptides Number of Alpha-v Peptides
Recovered from Macerated
Recovered from NonGel Fragment (single
macerated Gel Fragments (4
e
x
p
x e r p e r i m e n t s )
14, 16, 17, 17

Discussion
It was the aim of this project to develop a method which could be applied to
the determination of molecules associated with integrins. During aRkity purification

of various integrin subunits, it was observed that multiple bands appeared on the
~
or
silver-stained gel which had molecular weights much lower than any i n t e g alpha
beta subunit. Since the conditions used for the purification were quite stringent, the
presence of these lower molecular weight proteins was unexpected. We hypthesized
that t!!ese lower molecular weight bands corresponded to components of

supramolecular complexes which associate very strongly with the respective integrin
subunit(s). To identim these unknown molecules, a reliable method for applying mass
spectrometry to the characterization of these biomolecules was then developed.
However, information gained fiom this research extends beyond the establishment of
successful protocols. These experiments have brought our attention to the many
potential pitfalls in both puriQing proteins and obtaining (as well as analyzing) useful
mass spectra.
SDS-PAGE of various purified integrin preparations revealed the presence of a
number of bands other than integrin alpha and beta subunits. In an attempt to
charactenze these proteins, the bands were cut fiom the gel and individually
trypsinized. The resulting peptides were extracted fiom each gel band and subjected
to mass spectrometry and selected peptides fragmented by tandem mass spectrometry.
Peptides fiom each fingerprint were originally selected for analysis by tandem mass
spectrometry based on peak intensity. Since the fingerprint analysis by PeptIdenr or
ProFound had not yet been performed, there was no characterization of peptide peaks

a s arising from a particular protein. In subsequent experiments, the peptide peaks

were selected for tandem mass spectrometry based on peak identification through

analysis of the peptide mass fingerprints. Both peptides which had been accounted for
and unknown peptides were selected for fkagmentation.

Advantages and Disadvantoges of Mass Spectrometry:

One of the biggest advantages in using mass spectrometry is the minute
amount of protein required for identification. If a protein is present even at picogram
quantities, and a single peptide can be recovered fiom the polyacrylarnide gel,
sequenced, and the protein identified through this approach. Another advantage of the
approach is the extremely fast generation of mass spectra from well prepared sampies.

The fact that it takes o d y moments to obtain a peptide fingerprint, and only a few
more to generate a fragmentation pattern fiom a selected peptide, indicates that this
technique has high throughput potential. The time consuming steps in the system are
protein preparation and anaiysis of the mass spectra. As analysis programs improve
and familiarity is achieved, the vast majority of time spent on these experiments will
be in the protein purification and preparation. The mass accuracy (C50pprn) of the

instrument allows for a high degree of confidence in the analysis of the acquired mass
spectra.
There are also disadvantages to using mass spectrometry for the
characterization of proteins isolated fiom gel bands. These disadvantages can largely
be addressed through modifications in protein purification and preparation for mass
spectrometry. For example, mass spectrometry is sensitive to the presence of certain
detergents which increase background noise (e.g. CHAPS). To minimize background
levels, these detergents need simply be avoided d h g the preparation procedure or

eliminated in M e r purification steps. MALDI can be used rather than electrospray
ionization (ESI) to furüier address this issue, as MALDI is less sensitive than ES1 to
detergents in general. Due to the sensitivity of the instrument, cornmon environmental

proteins such as human keratin c m be detected, which rnay contaminate samples in
extremely low amounts. Contamination can be avoided through meticdous sample
preparation and the use of non-powdered gloves at al1 times. Our ability to address its
limitations combined with the significant advantages of mass spectrornetry make this a
feasible and promising approach for the characterizahon of integrin associated
proteins. Recovery of peptides fiom polyacrylamide gels remains problematic.
1nherent phy s i o shemicai properties of peptides themselves may prevent eficient

extraction fiom gel fragments. The nurnber of steps involved in sample preparation
for MALDI almost certainly results in selective loss of peptides with certain

properties. Minimizing sample handling without compromising sample purity (i.e.
wi thout increasing background) may favour recoveiy of more peptides fiom any given

sarnple. Altematively, the use of gels which c o d d be depolymerized may prove to
enhance extraction of peptides fiom samples.
One disadvantage which can not be accounted for through changes in protocol
is the fact that signal intensity does not correlate well with amount of sample analyzed.
This reveals the dificulty in attempting to use MALDI for any type of quantitative

analysis. This is highlighted by the significant differences observed when comparing
mass spectra From a single sample obtained just seconds apart.

Programs used for Peptide
Mass Fineerprint Analvsis:
The analysis of peptide mass fingerprints were performed twice, utilizing two
separate programs (Peprldent and ProFound) in order to acquire two independent
results, thus increasing confidence in the analysis. Each of the two programs has
advantages over the other. For instance, PeptIdent will allow both
carbamidomethy lation (by iodoacetamide) and carbamidoethy lation (by acry lamide)

as potential modifications to be used simultaneously during a search of the databases.

ProFound on the other hanci, will ailow either one or the other of the dore mentioned
carbarnidomethylation /carbamidoethylation to be incorporated into a single search.
However, Peprldenf will allow the user to search against the databases with a

maximum of 2 missed cleavage sites while ProFound permits enzymatic cleavage to
have rnissed more than 2 cleavage sites within a single peptide. In addition, the way in

which the coverage of the protein is displayed differs between the programs.
ProFound displays results in a cartoon type format with short horizontal lines
representing the individual peptides aligned with respect to the complete arnino acid
sequence of the protein dong the x-axis. Peptldent has an alternative, and possibly
more informative format for the presentation of the results. In PepiIdent, the entire
arnino acid sequence is shown and residues containeci within the matched peptides are
simply capitalized. This has the advantage of permitting instant analysis of regions of
the molecule which are unaccounted for. In addition, this program provides the list of

peptide masses found to match to a protein (same as ProFoumi), but has the added
feature of displaying not only the residue nurnbers (as in ProFound), but also the
arnino acid sequence of these peptides. Therefore, to attain as much information as
possible and limit the number of peptides lefi unaccounted for, it is necessary to utilize
both of these programs in the analysis of peptide masses acquired fiom mass

spectrometry.
A potential problem associated with allowing for multiple cheniical

modifications in one fingerprint analysis is an increased possibility of obtaining false
positives. This occurs simply as a result of increasing the number of potential peptide
combinations that could be matched to the database. Another program called

FindMod was utilized to aid in the identification of peptides not found to match the
alpha-v or beta-3 peptide fingerprint (data not shown). The accession number of the
protein suspected to give rise to the peptides is entered into the program dong with
any of the peptide masses that are in question. FindMod then analyzes the data and

retums a list of peptides fiom the peptide fmgerprint of the nispected protein and the
chemical modifications which could have given rise to the unidentified peptides. The
suggested parent peptide mass is then used to analyze the peptide m e n t a t i o n
pattern generated fiom these peptides. As the correct parent peptide mass is critical
for proper identification of the arnino acid sequence h m its peptide fiagrnentation
pattern, the identification of the potential chemical modification is a cntical step in the
analysis of peptide fingerprints. Therefore, there is an intricate exchange of

information necessary between peptide fingerprinting and peptide fragmentation
patterns (MS/MS) in order to successfully identie every peptide within an individual
fingerprint
An additional consideration in using the current sofhivare for the analysis of
acquired peptide fingerprints or fiagmentation patterns is that the software which is
presently avaiiable is lagging slightly behind the technical advances king made in the
area. For instance, details on how Peptident and ProFound differ with respect to data
entry, modifiable parameters, and output format make it almost mandatory to perhrm
the analysis using each program independently and compare the obtained results.
However, even in utilizing both of these programs, many potential chemical and posttranslational modifications are unaccounted for, leaving unmatched peptides to be
further analyzed using yet another program or programs (e.g. FindMod). The absence
of a comprehensive program which takes into account al1 of the potential
modifications and for inclusion of the complete experimental variables makes the
analysis of mass spectrum much more cumbersome than theoretical analysis suggests.
For example, pst-translational modifications may not be incorporated into the
analysis of fingerprint analysis using either ProFound or PeptIdent, leaving the

researcher looking to other programs to identifi potential pst-translational or
chemical modifications which could be responsible for the rnass difference. However,

in order to utilize a program which can predict modifications of a peptide, the protein

îkom which the peptide came must be known. The reason for this is that without this
input, a program Iike FindMod would have to search the entue database looking for
potential modifications of every peptide which codd possibly resdt in the mass of the
peptide in question. Even if the program would perform such an analysis, the output
file would contains so many candidates, it would be enormous as weU as

uninformative. This necessitates identification of the protein(s) in the sample through
peptide m a s fingerprint or MS/MS analysis. Following this prelirninary analysis, the
identity of the protein can be used as an input parameter. The prognun then uses

actual peptide masses nom the identified rnolecule to suggest modifications that couid
have given rise to the masses of the unrnatched peptides. This technique can be used

in combination with tandem mass spectrometry to provide a clear identification of the
peptide in question.

Programs used for Peptide Fragmentation Pattern Analysis:

MsTag and PepFrag each provide unique options for the analysis of
fragmentation patterns. For instance, PepFrag allows for the presence of
phosphory lated residues within a peptide while MsTag lacks this capability. On the
other hand, MsTag (but not PepFrag) is capable of recognizing and matchhg intemal

ions from the fragmentation pattern. It is therefore suggested that both programs be
utilized to maximize the number of ions which can be identified, as certain ions will
only be recognized by one or the other. Regardless of the program used for the

analysis, the proper mass of the parent peptide is essential. In the case of a modified
peptide, the mass of the parent ion would be altered and therefore prevent these
programs fiom assigning the true arnino acid sequence to the peptide. However,
FindMod can be used to suggest potential chernical modifications to parent peptides,
and these unmodified peptide masses can be tested through MsTag or PepFrog. The

FindMod prograrn is usefiil in that it allows the user to enter unmatched peptide

masses dong with the suspected parent protein in an attempt to characterize potential

modifications. The program essentially predicts modifications of peptides from the
parent protein which could have given nse to the unmatched peptide masses.
FindMod can be manipulated to allow for phosphorylation, al1 known splice variants
of a protein, missed cleavages. glycosylation, single amino acid substitutions, and

many other potential chernical and pst-translational modifications which are absent

fiorn Peptldenr and Pro Found.
To understand why MsTug and PepFrag would be incapable of assigning a
sequence to the peptide, one must first understand how these programs actualiy
'sequence' the peptide fiom its respective fragmentation pattern. The fact is that these
programs don't actually sequence the peptide. Rather, they search the designated
database for peptides of the appropriate mass which meet the conditions specified (e.g.

enzyme used, missed cleavages allowed). Once the peptides of appropriate mass have
been identified, the prograrn obtains 'virtual' or predicted hgmentation patterns,
which are based on the unique amino acid sequences of each individual peptide. The

experimentally acquired fragmentation from the peptide in question is then compared

to the 'virtual' fragmentation patterns. Matching the daughter ions fiom the actual
fragmentation pattern to a 'virtual' hgrnentation pattern signifies the amino acid
sequences are identical. This is the indirect way in which a peptide fragmentation
pattern is assigned an amino acid sequence and illustrates the requirement for the

correct peptide mass (without any modifications) to be entered as input.

Choosine a Database to Search:

In selecting the database(s) to be searched by the various peptide fingerprint
analysis programs, NCBI-nr and SwissProt were chosen. NCBI-nr is a database which

contains amino acid sequences for known proteins as well as predicted amino acid
sequences for incompletely characterized stretches of DNA. The SwissProt database
contains records for only those proteins that have been highly annotated and contain
information regarding chromosomal location, functional significance, homologous
proteins, and other characteristics. This database when used in conjunction with

TrEMBL would yield the same results as if NCBI-nr was searched. That is to say that
TrEMBL contains records for incompletely characterized proteins and nucleotide
sequences, and that TrEMBL + SwissRot = NCBI-tu. In general, both NCBI and
SwissProt were utilized independently to veri@ results obtained fiom the other. It
should be noted that this approach to confirmation could only be used if the protein of
interest has k e n well characterized. In the case of this study, the only proteins
identified were alpha-v or beta-3 integrin subunits, and actin, al1 of which are highly
annotated proteins that can be found in SwissProt. If however there were unknown or
poorly characterized proteins in a given sarnpie, this method of confirmation would
not apply. In general, the NCBI-nr database should be used initially, and more
specialized databases could be searched subsequently depending on the search results
O

btained.
It should also be noted that in using peptide fingerprint or peptide

fragmentation pattern analysis programs, the user must catefully select the appropriate
phylogenetic category. For instance, searching al1 eukaryotic records instead of the
specific genus fiom which the protein was isolated, may yield large nurnbers of false
positive matches. WhiIe searching expressed sequence tag (EST) databases may
occassionally provide usefùl information, the current view of EST databases is rapidly
changing and their significance is in question. This type of approach is also
significantly more time consuming and yields data sets which are extremely
complicated to navigate and interpret. By selectively narrowing your search criteria,

the processing time will be decreased while the obtained results will be more easily
managed and interpreted.

Peptide mass tingerprint analysis of afftnity ourifieci Alpha-v/Beta-3:
Prior to performing mass spectrometry on the proteins within the silver-stained
gel, it was believed that the bands at -1 3OkDa and -1 1SkDa corresponded to alpha-v
and beta-3 integrin subunits respectively. This assumption was made based on the

known molecular weights for these subunits as well as the relative intensity of the
bands themselves. Since the affuiity purification procedure was directed at the
integnn alpha-vlbeta-3 heterodirner, the hvo bands of highest intensity may then be
expected to correspond to the individual subunits comprising the intact integrin.
Analysis of the acquired mass spectra fiom these alpha-v/beta-3 integrin preparations
suggested the presence of the alpha-v as weIl as beta-3 subunit peptides in multiple
bands on the gel. Peptide mass fingerprint analysis of the intense band at -1 30kDa
reveaied a large nurnber of chemically unmodified peptides which were easily
identifiable as arising fiom the ûyptic digest of the alpha-v integrin subunit.
Incorporating potential chernical modifications into the fingerprint analysis of this
band revealed another subset of chemically altered peptides belonging to the alpha-v
integrin subunit. Analysis of the band at -1 1SkDa revealed the second component of
the purified heterodimer, the Ma-3 subunit. Modifications during sample preparation
such as addition of acrylarnide adducts of cysteine residues, carbarnidomethylation of
cysteines by iodoacetamide, and oxidation of methionines can be included in the
analysis of the fmgerprint using Peptldent and ProFound. Allowing for these
chemically altered peptides greatly increased the number of peptides matching the
integrin alpha-v subunit tryptic fingerprint. Still other modifications to the peptides
are possible and yet can not be accounted for during Peptldent or ProFound anlaysis

of the obtauied peptide mass figerprints. These chernicd modifications, such as
methylation by formic acid, can be included in the analysis only if manually
calculated.
The number of peptides recovered fiom a gel band in an individual experiment
was always less than the total recovered peptides from al1 extractions of the same
band. In the case of the 'alpha-v' (13OkDa) band, 40 peptides were recovered overall,

corresponding to approximately 43% coverage of the protein. The highest recovery
from a single experiment was 22 peptides spanning 27% of the molecule. As for the
'beta-3' (1 15kDa) band, a total of 34 peptides were recovered overall, accountïng for

nearly 39% of the protein. The recovery for a single expriment was again similar to

the results obtained for alpha-v. As not dl peptides corresponding to alpha-v or beta-3
were recovered fiom the polyacrylamide gel, the underlying mechanism responsible
for differential recovery of peptides between experiments is unclear at this point.
Differences in physio-chemical properties of individual peptides will account for
variations in solubility, charge, hydrophobicity, and many other cntena intiuencing
recovery at multiple stages during processing.

Identification of Integrin Peptides in Lower Molecular Weipht Bands:
Both alpha-v and beta-3 peptides were recovered and identified fiom each and
every band on the gel. The presence of alpha-v in multiple bands on the gel was later
confirmed by western blot of the same preparations (data not show). It is believed
that endogenous proteases fiom the placenta degraded the integrin subunits during the
purification process. Some of this degraded integrin is likely to arise fiom digestion of
immature integrin, as they lack glycosylation found decorating the mature integrin
subunits. Glycosylation of the mature integrin molecule may protect the molecule

fiom certain types of endogenous enzymatic digestion during the initiai emulsification
and extraction procedures.

The fact that so many alpha-v and beta-3 breakdown products were found
suggests several things. In lwking at the silver-stained gel of the alpha-vlbeta-3
preparation, it would seem that quite a few bands other than the alpha-v and beta-3 are
present. Prior to analysis by mass spectrometry, this was originally interpreted as a
plethora of associated proteins. Without the use of mass spectrometry, it is not likely
that these 'associated proteins' would have been identified (at least not in the tirne
fiame of this rnaster's thesis). Therefore, we have saved valuable time and effort fiom
being wasted screening antibodies directed against each individual potentially
associated protein. The fmding that each of the bands corresponds to a breakdown
product of alpha-v, beta-3, or both, informs us that the conditions used for affinity
purification are not acceptable with respect to protease inhibition. Further
purifications will have to incorporate a much more comprehensive protease inhibitor
cocktail in order to prevent this degradation of intact integrin from occurrîng. If we
were unsuccessfiil in preventing digestion of the covalent linkages of peptide bonds,
there is little mystery as to why we were unable to preserve the much weaker noncovalent interactions necessary for CO-precipitationof associated molecules.
The antibody, LM-609, which was used for the affinity column during the

purification of the alpha-v/beta-3 integrin has k e n demonstrated to recognize a
conformational epitope dependent on the association of alpha-v and beta-3. It can
therefore be detennined that the integrin heterodimer was isolated as such, and not as
individual subunits. Furthemore, this property of LM-609 to recognize alpha-vkta-3
heterodimers permits the assumption that each of the breakdown products contains at
least a portion of the epitope required for recognition by the antibody and that these
fragments retained the association with the complementary subunit (at least until gel
separation).

Actin Peptides:

The recovery and identification of actin peptides fiom the alpha-v/beta-3
preparation was originally prornising, suggesting the presence of another associated
protein seemingly required to provide the integrin-actin linkage. However, afler
M e r analysis, no such cytoskeletal element (e.g. talin, alpha-actinin) could be
identified in the preparation. This led to the conclusion that either actin was a
contaminant (much the same as described for keratin), or that actin could bind to the
alpha-vheta-3 dimer direcdy. M e r investigating each of these possibilities, there are
no reports incriminating actin as a contaminant, or as having a direct association with
any integrin subunit. It is our conclusion that the actin in this case is present as a

contaminant and does not directly associate with integrin. Identieing actin as a
contaminant is not so unusual when taken into account

fact that actin comprises

approximately 10% of the total protein in any given cell. Its abundance combined
with the extremely high sensitivity of mass spectrometry could account for the

identification of actin peptides in these samples.

Fragmentation Pattern Analysis:

The fragmentation patterns obtained through tandem mass spectrometry were
also analyzed twice, again using two separate programs (MsTogand PepFrag) in order
to increase our confidence in the results obtained. Al1 of the peptides investigated

through tandem mass spectrometry were found to correspond excellently with the
predicted amino acid sequences of the respective peptides from the original
fingerprints. While the programs quite consistently give the same results when the

same information and parameters are entered, one or the other program occasionally
the fragmentation pattern) that the other does not. (Compare
identifies matches (h

Figure 18 and 19 for an example). Again, each of these programs has certain
advantages over the other, and each researcher must determine which is best suited to
analysis of the data acquired fiom their experiments. Utilizing both takes advantage of
the strengths of each of the programs while masking the potential weaknesses that
could be realized through the use of either one.

Improving Qualitv of Peptide Fingemrints:
-

Over the course of the many experiments it was observed that peptides
corresponding to ûypsin were king generated at high levels, and were perhaps
compromising the signal fiom sample peptides. Peptide peaks of high intensity cause
remaining peptide peaks to appear quite small and potentially insignificant when
compared to background noise. To address this issue, the concentration of trypsin
used for the overnight in-gel digestion was investigated. A compromise must be
stmck whereby the sample proteins are efficiently digested and the peptides generated
from trypsin itself are kept to a minimum. It was found that dropping the
concentration of trypsin fiom 12ug/ml to Sug/rnl was the effective for both concerns.
This was the concentration of trypsin which best suited the amounts of protein within
the gel bands. For lighter bands (containhg less protein) it would follow then that the

concentration may need to be dropped even further to again strike the correct balance.

For this senes of experiments, using 2.5ug/ml of trypsin was found to be ineffective
for digestion of the sample proteins. Under these conditions, uncleaved peptides may
not be efficiently extracted fiom gel tiagments andor may be too large to be within
the useful m/z range. It should also be noted that increasing the amount of protein

loaded ont0 the gel does not necessarily improve the quality of the corresponding
peptide fingerprint. Again, this depends to some extent on the ratio of ûypsin to

sample protein, and rnust be taken into consideration when increasing (or decreasing)
the amount of protein loaded onto the gel.

Improving Recovery of Peptides from Gel Fragments:
Upon finding that certain protocols incorporated a step for maceration of gel
pieces, an experiment was conducted to investigate any potential increases in peptide
recovery due to such treatment- The resdts indiçated that an increased number of
peptides are recovered fiom macerated gel pieces when compared to intact gel pieces
containing the same protein (fiom the same preparation). Since the recovery of
peptides fiom the gel was increased, the coverage of the protein was also improved. It
is therefore suggested that maceration be incorporated into the protocol in order to
rnaximize the percentage of protein accounted for by the recovered peptides. The fact
that peptides covenng 100% of the intact protein couid not be recovered may suggest
that some peptides are broken d o m (during trypsinization) to peptide fragments that
are too mal1 to contribute in any useful manner to the fingerprint. Alternatively,

peptides spanning more than approxirnately 30 amino acids without cleavage at an
arginine or lysine residue may not be visualized in the m/z range used (approx. 5003500) and may be too large to contribute to the fingerprint with any merit. Essentidly,

the longer/larger the peptide, the greater the nurnber of potential amino acid
combinations that could comprise such a peptide. The smaller the peptide, the greater
the chance that the arnino acid sequence comprising the peptide will appear randomly
in proteins within the database searched. To M e r complicate the issue, it appears as
though some peptides which we would expect to recover remain 'stuck' in the

polyacrylamide gel. These peptides may be differentially soluble in solvents
alternative to formic acid and T'FA.

Reducing Chernical Modifications of Recovered Peptides:
As analysis of peptide mass fingerprints can be complicated, and thus quite
time consuming, an effort was made to reduce potential chemical modifications. An
experirnent was performed to examine the possible prevention of formic acid
modification, by simply substituting trïfluoroacetic acid for formic acid at the stage of
peptide extraction fiom the gel pieces. The use of O. 1% TFA in place of 5% formic
acid resulted in the absence of the +28 and +56 forms of the parent peaks. This served
two purposes: (1) to reduce the number of peaks in the peptide mass fingerprint which
could not be accounted for by any curent fingerprint analysis program, and (2) to
prevent the associated reduction in intensity of the unmodified parent peak. The
resulting peptide mass fingerprint appeared much less complicâted with reference to
the number of the total number of peaks. However, it shodd be noted that the

maxima1 coverage of total protein sequence recovered in the form of peptides fiom a

gel piece occurred in an experiment using the extraction procedure which included the
formic acid. This may relate to the relative solubility differences between formic acid

and TFA.

Considerations for Future Experirnents:
Preparation of the integrin samples may prove to be problematic for
uivestigating potential associations as the stringent purification conditions may not
allow for weak interactions of proteins with the integrin. This may prove to be

extrernely important as many of the integrin associations are thought to be transient
and therefore may not be preserved during the i n t e e purification procedure.

Through the use of milder detergents and less stringent conditions in general, it should
be much easier to maintain the non-covalent (and likely weak) associations with

purified integrins. It appears obvious that a more comprehensive cocktail of protease
inhibiton is necessary to prevent the desired intact proteins fiom being degaded
during the purification procedure. Once these details have been worked out, the
application of this approach is virtually unlimited. For instance, a cornpanson can be
made between integrin associated proteins isolated fiom activated vs. unstimulated
(and normally non-adherent) ceil lhes. If activation alten the adhesive properties of
the ce11 line, the differences between the two profiles could provide insight into the

mechanism of integrin activation as weli as cellular adhesion and migration.
Furthemore, the use of ce11 lines for elucidation of potential associations rnay
ultimately prove more usefùl than the use of integrins purified fiom tissue (such as
placenta). The reason for this is quite simply that a ce11 line represents a clonotypic
cellular population while tissue homogenizaion will potentially contain dozens of ce11
types. For this reason, the anaiysis of integrin associated proteins purified fiom tissue
would likely be extremely complicated. Since integrin can be purified in large
quantities fkom placenta, this is the initiai source we chose to establish the protocol
and techniques required for M e r experiments involving ce11 lines and ultirnately

peripheral blood cells. The information acquired fiom the identification of integrin
associations in various ce11 lines could be used to aid in predicting the types of
supramolecular complexes we may observe in M e r studies involving
physiologically relevant peripheral blood cells.
Following the identification of molecules involved in integrin-containing
complexes, the presence of such proteins could then be visualized through the
combined use of gel electrophoresis and western blotting with antibodies directed
against identified components. Co-precipitation experiments could ais0 be utilized for
the imrnunoprecipitation of the identified protein in order to show integrin can be co-

purified with the candidate molecule. This reciprocal co-purification technique ieaves
little doubt with respect to the proposed interaction as there is almost no chance of

cross-reactivity occurring in both immunoprecipitationsreactions.
Imrnunofluorescence microscopy experiments could confirm the CO-localizationof
various components, while functional studies could then be used to show that the
association is of biological signiti~cance.Blocking antibodies directed against the
candidate molecule on intact cells would reveal the influence of a molecule on
integrin-dependent cellular adhesion andtor migration. Transfection of a ce11 line with
a fusion protein (compnsed of the cytoplasrnic domain of the candidate molecule and
the extracellular domain of an irrelevant molecule) could be used in order to gain an

understanding of contribution the candidate molecule makes to integrin fùnction. For
example, is the association important for signaling events or does the molecule play
more of a role as an adaptor protein? Another question that could be addressed by
these transfection studies is whether the cytoplasmic, transmembrane, or extracellular
domain is responsible for the suggested interaction with integrin.
Future experiments utilizing less stringent conditions for integrin affinity
purification will undoubtedly lead to the identification of many proteins associated
with the respective integrins. One potential association which has not yet been

discussed is integrin interaction with transmembrane matrix-metalloproteinases.
Recent unpublished work by Strongin et al has described a fûnctional relationship
between alpha-vheta-3 integrin and membrane-type matrix-metalloproteinase (MT-

MMP). Co-precipitation experiments showed association of these two proteins, while
antibody blocking and single and double transfection experiments were used to
investigate the potential functional relationship. It was shown that the association
leads to modification of the beta-3 integrin subunit which resdts in a negative

mobility shifi of SkDa. In addition, the presence of the MT-MMP greatly increased
cellular migration on vitronectin and the conversion of another ma*
metalloproteinase fiom an inactive pro-enzyme to a mature gelatinolytic enyme. This
functional relationship appears to shed some light on the increased migratory

behaviour of metastatic cancers. The integrin alpha-v/beta-3 used in these experiment
has been purified fiom placenta, which is another rapidly growing tissue capable of

mediating angiogenesis. The described association of this integrin with MT-MMPs
may explain the unique ability of placenta to mediate the angiogenic process required
for establishment and maintenance of the mature tissue. Although only one intense
band contains significant beta-3 peptides in our hands, other bands of lower intensity
have k e n shown to contain a few such peptides. Whether or not one of these lower
bands represents the M T - M M P - d f i e d f o m of the beta-3 integrin is not ciear.

Further investigation of the associated proteins is required to whether MT-MMPs are
even associated with alpha-v/beta-3 in placental tissue.

Future Epitope Mappine Experiments:
This approach should also prove to be usefüi in epitope mapping, where
monoclonal antibodies (of unknown epitope recognition) can be covalently coupled to
beads and used to affinity puri@ the respective antigen/protein. Limited proteolysis
can then be used to digest away the majority of the protein without digestion of the
monoclonal antibody (mAb) as glycosylation at strategic sites on the irnmunoglobulin
molecule will protect it fiom k i n g digested. Elution of the remaining peptide
(contaïning the epitope) followed by identification by m a s spectrometry can provide
information regarding the amino acid sequence recognized by the antibody . If further
characterization is required, endopeptidases can then be used with controlled
incubation times to sequentially remove single amino acids from either the carboxy- or
amino-termini. This process of removing single amino acids should continue until the
enzyme reaches an amino acid protected fiom digestion due to its association with (or
binding in) the peptide binding grwve of the antibody. The mechanism is not unlike

the Edman degradation, and can be w d to rapidly characterize the specific epitopes

recognized by a number of mAbs fiom this lab such as N29, B44,and 3S3.

Conclusions:
To conclude then, the main objectives of this research project were three-fold.
The first objective was to establish a method for identifjhg proteins through the

application of mass spectmmetry. The second goal was to q p l y this procedure to
aEni ty purified integrin preparations. Both of these objectives were indeed W l i e d
as methods were established which allowed the identification of alpha-v and beta-3
integrin subunits fkom several integrin preparations. The third objective of
characterizhg proteins which CO-purifywith various integrin heterodimers was
indirectly achieved. Under the srringent conditions of integrin purification, no
associated protein interactions with alpha-v/beta-3 were rnaintained. However, given
the fact that the vast majority of peptides analyzed fiom each band on the gel could be
identified using this approach, it follows then that had any interactions been retained,
these molecules wodd have been characterized. Actin, while present as a
contaminant, was identified through tandem mass spectrometry of two individual
peptides fiom one band on the gel. This sensitivity affords the confidence that
associated proteins will be identified under conditions permitting molecular
associations.
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