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ABSTRACT

Bone sialoprotein, because of its affinity for the triple-helical type I collagen
molecule and increased HA-nucleation potency upon binding collagen in vitro, is
postulated to interact with type I collagen in vivo to initiate bone formation. Although the
collagen-binding region of BSP has been located, the area of collagen involved in this
interaction remains unknown. Through chemically cross-linking BSP to type I collagen,
this region can be precisely mapped. The purpose of this study is to develop the reagents
and protocols necessary for the covalent attachment of BSP to collagen, thereby creating
the possibility of locating the BSP-binding region of collagen in the future. Five
prokaryotically expressed, single-cysteine mutants of the rat BSP (1-100) peptide were
expressed, purified, and conjugated to the sulfhydryl reactive, photoactivatable cross-
linking reagents BPM, APB and APDP. These conjugates were incubated with type I
collagen extracted from rat tail tendons, and irradiated by UV light to induce cross-link
formation. SDS-PAGE and Western blot were used to detect and characterize cross-
linked complexes, including covalently linked aggregates of rBSP (1-100). Using APDP,

successful cross-links to collagen were detected with four of the five rBSP (1-100)

| mutants. Using the protocols and reagents developed in this study, it will be possible to

better characterize the BSP-collagen interaction and its role in early mineral formation.

Key Words: bone sialoprotein, phosphoprotein, bone formation, hydroxyapatite
nucleation, biomineralization, SIBLING proteins, chemical cross-linking, protein-
collagen interactions, APDP, type I collagen
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Chapter One — Literature Review




1.1 General introduction to biomineralization

Biomineralization is defined as the process where living organisms use dissolved
ions to form minerals on their interior or exterior for various functions. It occurs within
all five biological kingdoms [1], and possible remains of mineralized exoskeletons of
prokaryotic organisms dated to roughly 3.5 billion years ago have been discovered [2, 3].
Since then, skeletal biomineralization has expanded to a diverse array of biological
lineages [4]. These included bloodworms and other small organisms that developed teeth
composed of elements and minerals like copper, zinc, and magnetite [5], mollusks that
developed calcium carbonate-based exoskeletons, and mammals with calcium phosphate-
based endoskeletons. Both of the latter types of minerals are commonly found in living
organisms today. The mechanisms that organisms use to initiate and control
biomineralization are poorly understood, and this is an active area of research. These
control mechanisms include a complex interplay between specialized cells, as well as the
proteins and ions secreted into the extracellular matrix. In an effort to develop a better
understanding of mammalian biomineralization, this thesis will focus on the minerals and
proteins found within mammalian bone.

1.2 General introduction to bone

Bone is a highly complex connective tissue serving many functions within the
body. The most obvious functions are to provide physical support for the body and to
protect internal organs. Other functions include acting as a calcium and phosphate source
for the body, as well as housing the bone marrow that produces red blood cells. Bones
function in tandem with tendons, ligaments, and muscles to allow the complex body

movements of which mammals are capable. Within bone, there are three phases: a




cellular phase, an organic phase, and an inorganic phase. A brief description of each
follows, however they will be discussed in greater detail throughout this section.
1.2.1 Cellular phase of bone

The extracellular matrix (ECM) is constantly undergoing an intricate, dynamic
resorption and remodeling process that is mediated by the cellular phase within bone.
This phase consists of osteoblasts, osteocytes, and osteoclasts. Osteoblasts are associated
with bone deposition, osteocytes are matured osteoblasts that have been surrounded by
mineral, and osteoclasts are associated with the resorption of bone.
1.2.2 Inorganic phase of bone

The inorganic phase of bone is a crystalline form of calcium phosphate,
hydroxyapatite (HA). HA imparts the rigid properties of bone. The unit-cell formula of
HA is Ca;o(PO,)s(OH),. Hydroxyapatite forms a very stable three-dimensional crystal
lattice structure with low solubility, making it ideal for skeletal functions. The
mechanism of HA deposition is poorly understood. While some research suggests that
HA is directly precipitated from solution, others suggest that the calcium phosphate in
mammals matures through various forms prior to forming HA [6]. The hydroxyapatite of
i)one has a plate-like morphology, with approximate dimensions of 45 nm by 25 nm by 5
ﬁm [7-10]. These crystals are organized parallel to type I collagen fibrils [11].
1.2.3 Organic phase of bone

The organic phase of bone is predominantly type I collagen, while 10% is made
up of non-collagenous proteins (NCPs) including bone sialoprotein (BSP) and many

other often acidic proteins. These non-collagenous proteins are thought to play a key role




in the control of the mineralization process through interactions with type I collagen,

hydroxyapatite, and dissolved ions.

The biological mechanisms leading to biomineralization are poorly understood.
Type 1 collagen provides a scaffold in the extracellular matrix, upon which
hydroxyapatite crystals are formed. Collagen itself does not promote HA nucleation [12-
15]. However, increasing evidence supports the theory that acidic phosphoproteins within
the extracellular matrix do promote nucleation of HA [15-17]. In vitro, bone sialoprotein
has the highest nucleation potency among the non-collagenous proteins [18]. Bone
sialoprotein also has an expression pattern in vivo that suggests a direct role in the

biomineralization process [19].
1.3 Bone development

Bone is created through two developmental processes within the body,
endochondral and intramembranous ossification [20-22]. Although quite distinct, both of
these involve the deposition of HA onto a collagen scaffold. Long bones are developed
through endochondral ossification, and flat bones through intramembranous ossification.
In both types of bone development, woven bone is initially formed. Woven bone consists
of mineralized type I collagen that appears unorganized and not well oriented, forming
irregular bﬁndles. Calcification of this woven bone is delayed and also appears irregular.
As the bone develops, this woven bone is replaced by lamellar bone that is much more
highly organized, and collagen fibers are oriented in a parallel, head-to-tail fashion. The
main distinction between the two processes of bone formation is the presence of a

cartilaginous precursor in endochondral ossification.



1.3.1 Intramembranous ossification

Flat bones such as the skull, mandible, pelvis, and clavicle are formed through
intramembranous ossification. Mesenchymal stem cells form a bone nodule through
condensation within vascularized embryonic tissue and the deposition of type I collagen
[20-22]. These cells differentiate into osteoblasts that become osteocytes once surrounded
by mineralized matrix. Type I collagen and the non-collagenous proteins are secreted by
osteoblasts and osteocytes. These collagen fibers aggregate in irregular bundles, and
woven bone is formed. Calcification is also irregular within these bundles.
Vascularization occurs throughout trabeculae, leading to the formation of hematopoietic
bone marrow. As previously mentioned, this woven bone is replaced with lamellar bone
over time.

1.3.2 Endochondral ossification

The long bones of mammalian appendages, including hands and feet, are formed
from a cartilaginous precursor through endochondral ossification. To initiate cartilage
deposition, mesenchymal stem cells differentiate into prechondroblasts, and subsequently
chondroblasts that become associated with the matrix to form chondrocytes [20-22].
These chondrocytes deposit a hyaline cartilaginous matrix consisting primarily of type II
c‘ollagenAand proteoglycans. This is considered a growth plate, and there is one present at
each end of the forming tissue. The growth plate is responsible for the elongation of
bones until puberty. At the mineralization front, chondrocytes become hypertrophic,
undergo apoptosis, and calcification of the cartilage occurs. Once the matrix is
mineralized, osteoclasts resorb areas to allow for vascularization, and osteoblasts deposit

woven bone. As development continues, the woven bone is replaced by lamellar bone.



1.4 Bone repair

There are three main phases to bone repair following fracture. They are the
reactive stage, repair stage, and remodeling stage. During the reactive stage, excess red
blood cells are observed at the site of injury. This is followed by clotting and constriction
of local blood vessels to curb additional bleeding [23, 24]. Within and around the
clotting, most cells undergo apoptosis; however, fibroblasts survive and replicate forming
a granulation tissue vascularized with small blood vessels [25]. Days later, cells of the
periosteum nearest the fracture, as well as fibroblasts, replicate and differentiate into
chondroblasts that form cartilage, initiating the reparative stage of bone healing.
Periosteum cells that are further from the fracture site differentiate into osteoblasts and
form woven boné [23]. These processes form the fracture callus and eventually the
woven bone and hyaline cartilage bridge the fracture gap [26]. The cartilage begins to
mineralize and lamellar bone replaces the woven bone present. This tissue is further
innervated with blood vessels, and is then termed trabecular bone, restoring strength to
the fractured bone [25]. In the remodeling phase, a complex interplay between osteoclast
resorption of trabecular bone and osteoblast deposition of compact bone reshapes the
bone to closely resemble its form and strength prior to fracture [25].

- In some cases, if fractures are too severe or the fractured pieces are displaced,
natural healing can be inhibited. In these cases, the insertion of metal scaffolds or pins to
hold the bones in place can facilitate bone repair. Metal implants are also used for
procedures such as dental implants and joint replacements. Additionally, implants
constructed of or coated in ECM materials such as HA, collagen, or demineralized bone

matrix have increased rates of osseointegration and bone repair [27]. Proteins such as



bone morphogenetic protein and bone sialoprotein have also been shown to increase

mineralization rates in vivo when incorporated with metal or biologically derived
implants [27-29].
1.5 The organic-inorganic phase interaction

Although the types of bone formation have been well-characterized, the
underlying molecular events leading to hydroxyapatite nucleation and growth within
collagen fibrils are not well understood. Biological fluids such as blood and milk have
concentrations of calcium and phosphate ions well above the solubility products of most
forms of calcium phosphate minerals. Because spontaneous calcification does not occur
in healthy individuals, the body appears to have evolved mechanisms to control the
nucleation and/or growth of these crystals. It is therefore likely that the body, through the
use of secreted proteins, controls crystal dimensions, growth habits, and nucleation rates.
There are currently three theories as to how HA is nucleated on collagen fibrils: The
theory of matrix vesicles, an inhibition-based mechanism, and heterogeneous matrix-
mediated nucleation. All three theories are proposed to involve the modulation of
nucleation and growth of crystals by the surface chemistry of the extracellular matrix.
With regards to the proteins present, this surface chemistry depends on the primary and
secondary structure of the proteins as well as post-translational modifications. There have
been many ECM proteins discovered to have a positive or negative effect on crystal
nucleation and/or growth, and many contain highly acidic regions. The nucleation

activities of these proteins can be further altered by phosphorylation [30].



1.5.1 Matrix vesicles

One theory of the mechanism of biomineralization involves matrix vesicles.
These are thought to be micelles, 100 nm in diameter [31], composed of a phospholipid
bilayer and derived by budding from the bodies of osteoblast, odontoblast, and
chondrocyte membranes [32]. Matrix vesicles from mineralized tissues were first isolated
in 1970 [33]. The vesicle contents are reportedly very high in calcium and phosphates
due to various phosphatases, phosphate transporters, and calcium binding factors [33-36].
HA nucleation occurs within the vesicles due to the high local supersaturation of these
ions, and crystals are subsequently deposited onto mineralized tissue. From here, the
crystal grows and supports secondary nucleation, resulting in bone growth. In this
postulated mechanism, the cells play a more prominent role, as they direct matrix-vesicle
creation and deposition.
1.5.2 Inhibition mechanisms

Another postulated mechanism of biomineralization is that it is controlled through
inhibition mechanisms. Molecules such as osteopontin and matrix extracellular
phosphoglycoprotein (MEPE) inhibit HA nucleation and growth [37]. There are two
modes of action associated with HA inhibitors. The first of these is the binding of a
pfotein to the surface of a pre-existing crystal, inhibiting further deposition of ions onto
the surface. A recent study indicates that a potent inhibitor of HA growth, fetuin (46
kDa), is too large to diffuse into the collagen fibril, and that the exclusion of this inhibitor
leads to increased crystal growth within the collagen fibers [38]. Collagen may therefore
use exclusion of these types of inhibitors of crystal growth to direct proper physiological

biomineralization.



Inhibition of HA mineralization also occurs through the covalent linkage of
phosphate ions. For instance, free orthophosphate can be sequestered into
polyphosphates, thereby inhibiting HA mineralization by reducing local phosphate
concentrations [6]. Additionally, pyrophosphate consists of two phosphate ions
covalently linked by an ester bond. This molecule appears to inhibit crystal growth
through the same mechanism used by inhibitory ECM proteins, by binding to crystal
surfaces and preventing further ion deposition [39]. Tissue non-specific alkaline
phosphatase (TNAP) cleaves pyrophosphate into its constituent phosphate ions,
inactivating the inhibitor [40]. Loss of this gene causes hypophosphatasia resulting in
inhibited mineralization [41]. Conversely, induction of TNAP expression initiates
mineral formation [41]. Therefore, through the control of phosphate ions, mineral
formation can be inhibited in vivo.

1.5.3 Heterogeneous nucleation

Heterogeneous nucleation is defined as the process by which nucleation occurs
upon a pre-existing interface, lowering the free energy barrier to formation by
homogenous nucleation. The most widely accepted theory of the mechanism of
b/iomineralization is that of heterogeneous nucleation by proteins. According to this
meow, the surface chemistry of proteins in the ECM promotes the formation of critical
nuclei resulting in increased crystal nucleation [42]. Crystal formation occurs through a
multi-stage process. First, ions are sequestered at the surface of the organic matrix. The
ions then condense into nanoparticles on their way to forming a critical nucleus. In the
third step of the process, ions deposit onto the nucleated crystal in a highly organized

fashion resulting in distinct crystal faces. Finally, growth of these nucleated crystals into
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a specific morphology occurs through differential ion deposition onto each crystal face
[43]. With respect to bone, the nucleation and growth of hydroxyapatite crystals during
this process is sensitive to the structures and charges of components of the extracellular
matrix, and these components play a vital role in each step of the mineralization process.
The promotion of a critical nucleus likely occurs through epitactic nucleation where a
protein mimics the crystal lattice or surface ions of the crystal [42]. This is thought to be
the underlying mechanism behind experiments in which bone sialoprotein and dentin
phosphophoryn have been shown to increase nucleation of hydroxyapatite in agarose or
gelatin matrices [18, 44, 45].

Although it has not yet been determined exactly which mechanisms lead to
calcium phosphate mineralization in vivo, it is likely that all three of the above theories
occur within the body. Matrix vesicles are too large to diffuse into the hole zones of
collagen where initial HA crystals are found, and therefore may be involved in the
calcification of areas where no type I collagen has been deposited, such as in cartilage
calcification. The formation of crystals within the collagen fibril likely occurs through
heterogeneous nucleation, while inhibition mechanisms help control crystal growth and
prevent nucleation from occurring in other areas of the ECM.

1.6 A closer look at the organic phase of bone

Regardless of which mechanism or combination of mechanisms is involved in the
biomineralization process, each of them relies upon components of the organic matrix. As
mentioned previously, this includes mainly type I collagen as well as many non-
collagenous proteins such as those of the SIBLING protein family. This protein family

will be discussed shortly. Collagen has a highly organized structure and orientation that
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provides a scaffold for new bone formation. Non-collagenous proteins, through
interactions with collagen, HA, and the cellular phase of bone, modulate crystal
formation and deposition upon the collagen scaffold.

1.6.1 TypeIcollagen

Although 28 types of collagen are present in the human proteome, type I collagen
is the most abundant in the body. Not only is it found in bone, but also in skin, ligaments,
and the cornea of the eye among other areas. It is part of a subgroup of collagens termed
fibril-forming collagens along with types II, III, V, XI, XXIV, and XXVII. Itis
expressed by osteoblasts [46], fibroblasts [46], and chondroblasts [47]. Although the
rigidity of bone is due to hydroxyapatite, its flexibility and tensile strength is the result of
type I collagen fibers.
1.6.1.1 Type I collagen structure

Type I collagen fibers are highly organized and their structure is extremely
important. Mutations in the genes for collagen I, COL1A1 and COL1A2, are associated
with severe phenotypes such as osteogenesis imperfecta, osteoporosis, and Ehlers-Danlos
syndrome [48]. The structure of type I collagen is complicated and has not been solved to
the atomistic level. The microfibrillar structure of collagen, however, has been elucidated
ﬁough eray crystallography [49].

Type I collagen molecules exist as a right-handed super-helix with non-helical
telopeptide ends. The monomers involved are two al chains and one o2 chain that are
each in a left-handed helix [50-52]. In order to facilitate this helix conformation, every
third residue in the helical region of each a chain is glycine in the form Gly-X-Y, where

glycine faces the centre of the helix and X and Y represent outer positions. X most
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commonly represents proline, and Y hydroxyproline. Hydroxyproline forms important
intramolecular hydrogen bonds with other collagen molecules [53, 54], resulting in a very
stable structure resistant to proteolytic degradation [55].

Both the collagen alpha 1 and alpha 2 chains have an approximate molecular
weight of 100 kDa, and are roughly 1000 amino acids long spanning 300 nm. Triple-
helical collagen monomers, through their specific surface chemistry, interact with other
monomers in a staggered array to form fibrils. These interactions are primarily hydrogen
bonds, with very minor effects from electrostatics or hydrophobics [56]. Right-handed
triple-helical monomers are packed together into left-handed fibrils [57]. This staggered
array results in overlap and hole zones with a D-periodicity of 67 nm [58]. By electron
microscopy, it is possible to visualize this characteristic 67 nm banding pattern of type I
collagen fibrils [50-52]. Interestingly, initial mineralization of the collagen fibrils appears
to originate within the hole zones [7, 9, 59-61].
1.6.1.2 Gene regulation and biosynthesis

The COL1A1 (~18 kb) and COL1A2 (~38 kb) genes are at unlinked loci
17q21.3—q22 and 7q21.3—q22.1, respectively [62]. An interesting feature is that the exons
el;coding the triple-helical regions are mostly 54 bp in length. Exceptions have a multiple
of .this number, or a combination of 54 and 45 bp segments [62, 63]. These multiples of 9
bp are essential for the repeating Gly-X-Y motif. Although the genes contain a similar
number of exons and encode similar-sized protein products, introns vary greatly in size
leading to the discrepancy in gene size [64]. Although transcriptional control of collagen
is still largely uncharacterized, cis-acting elements play a role, including a promoter,

enhancer, and silencer. The identification of these elements and their control mechanisms
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is currently a major task for understanding the underlying transcription factors and the
role they play in signaling pathways [63, 65, 66].

The a-chains are synthesized with N and C-terminal propeptides, as well as with a
22-amino acid N-terminal signal sequence, and are termed pre-pro-a-chains. With the
help of signal-recognition particles and receptors, nascent translated pre-pro-a-chains
protrude into the rough endoplasmic reticulum. The signal peptide is cleaved and nascent
procollagen chains are post-translationally modified with hydroxylations and
glycosylations prior to triple-helix formation [67, 68]. The formation of the triple-helix
within the ER is aided by chaperone proteins such as Hsp47 [69]. The collagen complex
is transported to the golgi apparatus where translation and triple-helix formation is
completed. Procollagen molecules are then transported to the extracellular matrix through
secretory vesicles.
1.6.1.3  Post-translational modification and protein folding

Roughly half of the proline residues in the Y position are hydroxylated by prolyl-
4-hydroxylase [70-72]. The extent of hydroxylation depends on cofactors, as well as
tissue type, and may change during development or aging [68]. Also, some proline
r;:sidues in the X position may be converted to 3-hydroxyproline by prolyl-3-hydroxylase
[70, 71]. Lysine hydroxylation also varies with the same factors and is facilitated by lysyl
hydroxylase [73]. Glucosyl and galactosyl residues are then transferred to hydroxylysines
by glycosyl transferases, forming glucosyl-galactosyl-disaccharides. Also, a mannose-
rich oligosaccharide is coupled to one or both of the propeptides.

The folding of type I collagen is a complex process involving enzymes,

chaperones, and propeptides [74-77]. To initiate the folding process, three C-terminal
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propeptides associate and are covalently linked by disulfide bonds [78]. This trimer
provides a start-site for triple-helix formation. A repeat Gly-X-Hyp region at the end of
the future helical segments of the procollagen molecules nucleates triple-helix formation
by establishing stable hydrogen bonds. The helix then propagate in the C- to N-terminal
direction [77]. Thus triple-helix formation requires a number of factors including prolyl
hydroxylase and protein disulfide isomerase {79, 80].

Following secretion into the extracellular matrix, the propeptide sequences are
cleaved by procollagen N-proteinase and procollagen C-proteinase, which belong to the
M12 family of Zn** -dependent metalloproteinases [81, 82]. Evidence shows that these
cleaved propeptides induce feedback inhibition of type I collagen synthesis [83-85].
Collagen molecules then aggregate into fibrils, providing a scaffold for mineral formation
in bone tissues.

1.6.2 The SIBLING protein family

A large category of the non-collagenous proteins is the SIBLING (Small Integrin-
Binding LIgand, N-linked Glycoprotein) protein family. There are 5 members of this
group: bone sialoprotein, osteopontin (OPN), dentin matrix protein 1 (DMP-1), dentin
si/alophosphoprotein (DSPP), and matrix extracellular phosphoglycoprotein (MEPE).
Pﬁysiologically, DSPP is cleaved into dentin sialoprotein (DSP) and dentin
phosphophoryn (DPP) by the proteinase PHEX. Of note, DMP-1 exists in 37-kDa and
57-kDa forms after proteolysis. OPN and MEPE are thought to be inhibitors of HA
formation, whereas the other SIBLINGs are thought to act as nucleators. Although one
would not group these proteins into a family based on primary sequence alone, these

proteins share many common features [86]. All are expressed and secreted into the ECM
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during the formation of mineralized tissues. Also, each has an Arg-Gly-Asp (RGD)
sequence that is recognized by cell-surface integrins, as well as a high level of acidic
residues (with the exception of MEPE where phosphorylation may make up for the lack
of acidity [87]). There are many similarities in post-translational modifications as well,
including phosphorylation and glycosylation. The genes for the SIBLING proteins
involved in regulation of mineralization are all of similar structure, within a 600-kb
region at chromosome 4q21-23 [88]. Mutations within this region are linked to
mineralization disorders such as dentinogenesis imperfecta type II (likely by mutations in
DMP1)[89, 90]. Because of these similarities, it has been suggested that these proteins all
play similar roles in the control of the mineralization process. It should be noted that
because BSP is the main focus of this thesis, information regarding this protein will be
presented in greater detail separately from the other SIBLING proteins.
1.6.2.1 Invivo functional relevance

In vivo, BSP-null mice, as will be further discussed, have delayed mineral
formation among other poor bone phenotypes [91], whereas OPN and MEPE knockouts
have an increased bone mass and mineral content [37, 92]. When DMP-1 expression is
abolished, mice develop skeletal deformations including osteomalacia, enlarged growth
plates, and dentin wall hypomineralization [93-95]. DSPP knockout mice display
extensive tooth abnormalities [96]. When BSP is knocked out in mice, there is a
pronounced bone phenotype including reduced bone length and decreased mineral
density [91]. Because this phenotype is much more pronounced in younger mice, it
appears as though BSP plays an important role in early mineral formation. Taking these

findings into account, along with studies of SIBLING proteins and their effect on
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mineralization, it appears as though the body utilizes the SIBLING proteins to maintain
tight control over the biomineralization process.
1.6.2.2 SIBLING structure

The SIBLING proteins all have a flexible secondary structure. OPN is found to
possess a random coil structure through NMR and other studies [86]. Analysis of DMP-1
by computational analysis [97], circular dichroism [98, 99], and small-angle x-ray
scattering [100] suggests a random coil secondary structure, and NMR analysis of DPP
has indicated a lack of structure as well [101]. BSP is also unstructured, a fact that will be
further discussed in this chapter. Although it is possible that one or more of these proteins
may have a region that adopts secondary structure upon binding hydroxyapatite like
statherin appears to [102, 103], their general flexible structure is thought to be necessary
for interaction with a wide variety of binding partners including collagen, integrins, and
hydroxyapatite.
1.6.2.3 Collagen-binding properties

Many of the SIBLING proteins have been found to bind to type I collagen. As
will be discussed later, BSP has a high affinity for collagen [104, 105]. OPN also binds
collagen, albeit more weakly than BSP, and does so through a highly conserved region
containihg both hydrophobic and positively-charged amino acids [106]. DMP-1 binds to
the N-terminal telopeptide of the al chain of collagen through two distinct regions [107].
DPP has been found to bind collagen within the N-terminal quarter of the triple-helical
region of the molecule [108, 109]. Some of these proteins may also be covalently linked
to collagen through transglutaminase 2, which can cross-link the y-carboxamide of

glutamine residues to lysine e-amino groups [110, 111]. In vitro, this enzyme appears to
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catalyze the covalent attachment and polymerization of BSP, OPN, DMP-1, and DPP
[111], although the physiological relevance of this observation is unclear.
1.6.2.4  Post-translational modifications

Each SIBLING protein has extensive post-translational modifications. Although
many have multiple sites of glycosylations, no functional relevance of this type of
modification has yet been discovered. Phosphorylations are a major post-translational
modification of the SIBLING protein family. These occur mainly on serine residues, with
some on threonines, and fewer on tyrosine residues. According to consensus sequence
analysis, the protein kinases CK1, CK2, and golgi-casein kinase are thought to be
responsible for most of these phosphorylations. Rat bone OPN, for instance, has over 30
potential phosphorylation sites with an average of 10 phosphates per molecule in vivo
[112]. The DMP-1 37-kDa and 57-kDa fragments have an average of 12 and 41
phosphates, respectively [113], while DSP has an average of 6—10 phosphates. DPP has
an astounding average of 209 phosphorylations [114, 115]. Phosphates appear to be very
significant with regards to protein function, as phosphorylation of DMP-1 and DPP have
been positively associated with the proteins’ abilities to nucleate hydroxyapatite [113,
116]. Corroborating this data, Torres-Quintana ef al. determined that dentin
mineralization was negatively affected in the presence of kinase inhibitors [117].
Conversely, phosphorylation of OPN appears to increase its ability to inhibit mineral
formation [112, 118].
1.6.3 BSP

BSP, mentioned only briefly thus far, is one of the most extensively studied

SIBLING proteins and appears to have the most potent mineralization capabilities of the
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ECM proteins. This acidic protein was first isolated as a 23-kDa breakdown product
from bovine bone [119], and purified in its intact form in 1983 [120]. BSP has
subsequently been isolated from mineralized tissues of humans [121], pigs [122], rats
[123], rabbits [124], amphibians [125], and reptiles [125] and has been found to contain
highly conserved functional regions indicating that BSP is a highly evolved protein
involved in vertebrate mineralization. BSP is essentially unique to mineralized tissues
and is expressed at high levels in areas of de novo bone formation [126, 127]. BSP has a
high affinity for type I collagen [104] and is found to nucleate hydroxyapatite in vitro
[44), suggesting that this protein binds to type I collagen to elicit mineralization in areas
of new bone formation.

Mammalian BSPs are roughly 327 amino acids in length including a 16-residue
signal sequence. Without post-translational modifications, the protein has a molecular
weight of 33-34 kDa. Glu and Gly residues constitute about one-third of the total amino
acids, with the high Glu content concentrated in two poly-glutamic acid segments in the
N-terminal half of the molecule [128]. Like the other SIBLING proteins, BSP has an
RGD sequence which is located near the C-terminus of the protein. A hydrophobic region
near the N-terminus (between residues 19 and 46) has been found to bind to type I
céllagen [129] (Figure 1.1). Sequence identity in mammalian BSP is high at 45%, with
up to an additional 23% in conservative replacements. The majority of this conservation
is at both termini of the molecule, in the collagen-binding domain, RGD region, and
poly-Glu regions, as well as potential sites of post-translational modifications [88]. The

functional regions of BSP display 85% - 90% identity between the mammalian species

(Figure 1.1).
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Figure 1.1 Alignment of known mammalian BSP amino acid sequences.

The functional domains of rat BSP have been highlighted. The collagen-binding region is
in red, the poly-Glu regions in green, and the RGD sequence in blue.
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1.6.3.1 Gene structure and regulation

The human BSP gene (IBSP) was initially mapped to the long arm of
chromosome 4 [130, 131], and has since been more accurately located to human
chromosome 4q21.2-4q21.3 in close proximity to the other SIBLING proteins [132].
IBSP is roughly 15 kb and consists of seven exons with six introns [131, 133]. Exon 2
encodes the 16-residue signal sequence and the first two amino acids of BSP, exon 3
encodes 15 amino acids, and exon 4 encodes 27 amino acids. Exons 5 and 7 encode the
two poly-glutamic acid regions of BSP, while the RGD motif is also encoded in exon 7.

The first ~370 bp of the BSP promoter is highly conserved between mammalian
species, with relatively poor conservation in the avian gene [134]. A TATA-like sequence
(TTTATA) and an inverted CCAAT box (ATTGG) are required for basal activity [133,
135]. A vitamin D3 response element overlaps the inverted TATA box, and the presence
of D3<results in suppression of BSP expression [136]. Expression of BSP is induced by
glucocorticoids [137-139] and bone morphogenetic proteins (BMPs) [140, 141] that are
associated with promotion of differentiation of cells into osteogenic lineages [142-145].
The fact that BSP expression is limited to mineralizing tissues suggests that transcription
of the gene is normally inhibited; however, the mechanism of this inhibition is unknown.
Tumour riecrosis factor-a. (TNF-a), a prominent mediator of inflammatory responses in
periodontal disease, increases bone resorption and inhibits HA deposition. TNF-a,
through a tyrosine-kinase dependent pathway, inhibits BSP gene transcription [146].

Mechanical forces on cells may also regulate gene regulation in bone [147], as the
absence of force upon the skeleton during immobilization or space flight can lead to

significantly increased bone resorption [148, 149]. The application of magnetic fields to
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osteogenic cell lines has been shown to increase bone sialoprotein mRNA levels after 24
h of stimulation [150]. Additionally, chlorpromazine, a tranquilizing drug for the
treatment of psychiatric disorders that mimics hypotonic stress, causes membrane
deformation and imparts mechanical stress on cells, suppresses BSP expression in
osteoblast-like cell lines [151]. Evidently BSP expression is mediated by many factors
including hormones, pharmacological agents, vitamins, transcription factors, and
mechanical forces.
1.6.3.2 Tissue distribution

BSP expression, under normal physiological conditions, is specific to
mineralizing tissues [126, 127]. It should be noted, however, that expression levels in
mineralized cartilage, dentin, and enamel are much lower than in newly forming bone
and cementum [127]. Expression of BSP occurs along with the formation of mineral in
both membranous and endochondral bones [127]. Although no BSP mRNA is detectible
in pre-osteoblasts, it is easily detected in osteoblasts [126, 152] and osteocytes [153, 154]
of embryonic bones, indicating that BSP is induced as cells differentiate into osteoblasts.
Similar findings apply to cementoblasts [155]. BSP protein is present in almost all
mineralized mammalian tissues [88], where the only non-mineral associated sites where
BSP is found are the trophoblastic cells of the human placenta [152], and platelets where
it is probably internalized by endocytosis from the serum [156]. Although some studies
using cell lines have reported that BSP is expressed by osteoclasts as well [152, 154],
other studies contradict these findings and suggest that the expression observed may be
due to the osteosarcoma cell lines used for study [157, 158]. Serum levels in humans vary

between 5.0 and 21.6 ng/mL with a linear increase with age in females [159].
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Immunogold-labeling studies in human and porcine subjects show BSP
concentrated at the mineralization front [19, 160, 161]. Additional human studies reveal a
uniform distribution of BSP throughout trabecular and cortical bone, as well as associated
with electron-dense “grey patches” between collagen fibers presumably associated with
mineral crystals [19, 161, 162]. Kasugai and coworkers performed experiments in which
radiolabeled BSP was expressed by cultures of rat bone cells. They found that soon after
expression, most of the radiolabeled BSP was incorporated into the cell matrix, with
small amounts secreted into the culture medium. Sequential extractions of the matrix
layer with 4 M GuHC] and 0.5 M EDTA show that some BSP was associated with the
collagenous matrix, while most was bound to pre-existing hydroxyapatite. Some of the
radiolabeled BSP was detectable only after de-mineralization of the matrix, suggesting
that secreted BSP deposited in the osteoid is entrapped by hydroxyapatite [163].

, Pathologically, BSP is expressed in many cancers that metastasize to bone,
including breast, lung, thyroid, and prostate cancers [164-167]. BSP expression in cancer
cells is also associated with the presence of HA-mineral deposits [165]. BSP binds to
factor-H (protecting cells from complement-mediated lysis) [168] and has a postulated
role in the mediation of matrix metalloproteinases allowing cancerous cells to become
more invasive [168-170]. BSP also increases the angiogenic capacity of tumours by
mediating vascular endothelial cell attachment and migration [170]. Expression of BSP
therefore enhances the ability of cancer cells to become more invasive, increase
angiogenesis, metastasize to bone, and evade lysis. BSP expression in tumours is,

unsurprisingly, associated with poor prognosis [171]. Other pathological expressions of
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BSP occur in heterotopic ossification of pressure sores in paraplegics [172] and in
calcification sites of atherosclerotic plaques in coronary arteries [173].
1.6.3.3 Secondary structure

Secondary structure prediction analysis suggests that BSP has an open, flexible
structure with potential to form a-helices and B-sheets [153]. A rotary shadow-casting
technique shows the protein to be in a generally extended structure roughly 40 nm in
length, with the C-terminal portion appearing to fold over itself [174]. NMR, small angle
x-ray scattering, and circular dichroism studies of BSP also indicate a random coil
structure [86, 175]. As suggested for the SIBLING proteins, BSP most likely utilizes its
highly flexible structure to be able to interact with a wide variety of binding partners.
1.6.3.4 Post-translational modifications

Up to 30% of the molecular weight of native BSP is attributed to post-
translgtional modifications. The distribution and level of modification are likely tissue-
dependent. The modifications found on BSP include phosphorylation, glycosylation,
tyrosine sulfation, and transglutaminase cross-linking.

Although two tyrosines have been found to be sulfated near the RGD sequence
[176], there is no apparent effect of these modifications on cell-attachment activity, or
any other hlown function of BSP for that matter [177].

The BSP sequence has three potential sites for N-linked glycosylation near the
middle of the protein [153], two of which are conserved across all mammalian species.
There is a fourth potential N-linked glycosylation site in the human form of BSP [130]. In
UMR 106-01 cells, a rat osteosarcoma cell line, there is evidence of 3 N-linked and

between 21 and 24 O-linked glycosylations on the rat BSP molecule [178]. More recent
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studies using bone-extracted human BSP have utilized chromatography and mass
spectrometry to determine the specific sites of glycosylation. From these studies it
appears as though human bone-extracted BSP has between 2 and 4 sites of N-linked
glycosylation, and 8 — 11 O-linked glycosylations [174, 176]. These and other studies
indicate a high level of heterogeneity with regards to glycosylations of BSP. These
glycosylations have been postulated to affect cell attachment activity [105], however
there is no apparent affect on the HA nucleation potency or collagen-binding activity of
BSP [179, 180].

Phosphorylation is perhaps the most significant post-translational modification of
ECM proteins, as it appears to affect many of the SIBLING protein abilities to enhance or
inhibit mineral formation. Through observation of consensus sequences, BSP has 5
potential protein kinase C phosphorylation sites, 9-11 for protein kinase CK2, and 1-2 for
tyrosine kinase [88]. Additionally, inhibiting CK2 in cell culture impedes mineral
formation [181], a sign of its importance in mineralized tissue in vivo. A series of studies
have been conducted in vitro and in vivo to determine levels and locations of
phosphorylation of BSP, with varying results [176, 182-185]. Likely, phosphorylation at
each site depends on the organism, tissue, and temporal factors, leading to the
heterogenéous results in these studies. These phosphates are not found to alter BSP’s
ability to bind collagen [129]. However, as will be discussed shortly, they do affect
mineralization properties [175].
1.6.3.5 Function

BSP has a number of binding partners. The RGD motif of BSP is highly

conserved. This motif binds the cell-surface integrin o.p; [186] on the surface of
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osteoblasts [187] and osteoclasts [188, 189] and is involved in focal adhesions of these
cells [190-192]. An interaction with this integrin in osteoclasts results in an increase in
bone resorption [193, 194], while an interaction with osteoblasts causes increased cell
differentiation and mineral formation [195, 196].

Two poly-glutamic acid regions within BSP are responsible for tight (Kd ~ 2.6
nM) binding to hydroxyapatite crystals [177, 197]. Each of these regions contains a
contiguous Glu sequence, with a high proportion of periodic glutamic acid residues in
close proximity on either side of these regions as well (Figure 1.1). In 1993, it was
discovered that BSP nucleates hydroxyapatite in vitro using a steady-state, double-
diffusion agarose gel system [44]. Subsequently, using the same system, it was
discovered that the two poly-glutamic acid regions of BSP were responsible for this
nucleation effect [175, 180, 198]. An experimental screen of bone and tooth-matrix
proteins revealed that BSP was the most potent nucleator of HA in vitro [18, 199]. As
mentioned previously, post-translational modifications play a role in this nucleation
effect: native BSP appears to nucleate HA at a concentration 100 times lower than
prokaryotically-expressed recombinant BSP [175]. Published and unpublished data from
our laboratory suggest that a contiguous sequence of 8 poly-glutamic acid residues is
required for HA nucleation. For instance, both rat and porcine BSP have two Glu-rich
domains: One contiguous Glu sequence that is equal to or greater than, and one which is
less than, 8 residues in length. When peptides of these are examined for nucleation
potency, only those containing the longer poly-Glu sequence appear to nucleate HA [175,
198]. Mutagenesis experiments in which the poly-Glu regions were interrupted with a

proline residue or where the whole region was mutated to poly-alanine, indicate that the
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continuous glutamic acids and the presence of both poly-Glu regions are very important
and that the charge of this region plays a large role in nucleation ability [175].

BSP is able to bind to type I collagen and through doing so, alters collagen fibril-
forming characteristics in vitro [104, 105, 200]. Through expression of recombinant
peptides, our lab has mapped the collagen-binding region of BSP to residues 19-46,
determined a Kd of 12 nM [129], and characterized the interaction as mainly hydrophobic
in nature [45]. Interestingly, in addition to being highly conserved, this region has an
increased abundance of both hydrophobic and basic amino acids. BSP’s ability to
nucleate HA was increased upon binding to type I collagen [45], providing additional
evidence that BSP is used in the ECM to elicit mineral formation within collagen fibrils.
Using a far-Western blotting technique, Fujisawa and coworkers observed that BSP
bound to the a2 chain of collagen, and more specifically to the a2CB4 and a2CB3-5
cyanogen bromide peptides of this chain [105]. However, the observed binding was fairly
non-specific, where the al chain and multiple CNBr peptides also bound BSP. More
recently, our lab has established that the affinity of BSP for triple-helical collagen is
significantly higher than to gelatin, suggesting that the triple-helix is important for proper
binding [45]. Taking into consideration the non-specific binding of BSP to collagen in the
study by Fujisawa, as well as the fact that the collagen used was not in a triple helical
form, the region of collagen to which BSP binds is unclear.

1.7 Purpose of thesis

The development of therapeutics for non-union fractures, biomaterials for tissue

engineering, and implant coatings for enhanced osseointegration require an in-depth

understanding of the biological mechanisms behind controlling mineralization. Evidently,
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the control of biomineralization in vivo is an extremely complex process involving many
factors. These include the differentiation of cells, the presence of type I collagen and
other proteins of the extracellular matrix including the SIBLING protein family, calcium,
phosphate, and hydroxyapatite, as well as interactions between all of these contributors.
A better understanding of these interactions is pivotal to elucidating the way in which the
body controls mineralization. Bone sialoprotein is the major non-collagenous protein in
bone capable of HA nucleation, and therefore it is of interest to focus on this protein’s
properties and interactions to understand its role in the bigger picture. It is hypothesized
that BSP is secreted into the ECM by osteoblasts, binds to type I collagen, and from there
elicits mineral formation. The expression and nucleation ability of BSP have been fairly
well characterized. As BSP’s nucleation potency is increased upon binding type I
collagen, this interaction must be important in vivo. The region of collagen to which BSP
binds{ is unclear, but important in fully understanding the mineralization process. Perhaps
BSP binds to collagen within or adjacent to the hole zones, where initial mineral
formation is seen to occur, and may be responsible for this nucleation. Our lab seeks to
delineate this region through covalent attachment of BSP to collagen using chemical
cross-linking, followed by digestion and characterization of products by Western blot and
ultimately mass spectrometry. This method will be discussed in greater detail in the next
chapter. The purpose of this thesis is to establish the reagents, as well as develop the
protocols necessary to proceed with these experiments. Through this work, our lab will
eventually be able to determine the exact region of collagen that is responsible for
interaction with BSP. This information would provide us with a better understanding of

the initial stages in biomineralization leading to bone formation.
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2.1 Introduction
2.1.1 Mapping ligand-binding regions of type I collagen

Type 1 collagen forms a stable, insoluble fibrillar structure in vivo with various
binding partners. Many studies have been conducted to elucidate the binding region(s) of
various proteins on the type I collagen molecule. Because of the propensity of collagen to
form large insoluble aggregates primarily through intermolecular cross-links and
hydrogen bonding between collagen chains, in vitro experiments are difficult to conduct.
In order to undertake protein-collagen interaction studies, modifications of traditional
biochemical techniques are likely required. However due to this complexity of collagen,
many researchers limit their studies to attempting to visualize proteins on extracted
insoluble collageﬁ fibrils. The various ways in which researchers have located binding
sites on type I collagen are summarized below.
2.1.1.1 Electron microscopy

Electron microscopy, in conjunction with either metal-labeled proteins or rotary
shadowing, has been used extensively to visualize binding locations on collagen. For
instance, San Antonio and coworkers mapped the binding location of heparin to the N-
terminal region of type I collagen using gold labeling with electron microscopy [201].
Through r;)tary shadowing, Keene and coworkers mapped the decorin-binding site of
type I collagen to a region near the C-terminus [202]. Methods similar to these have been
extensively used to map binding sites on type I collagen for integrins [203], cartilage
oligomeric matrix protein [204], dentin phosphophoryn [205, 206], and proteoglycans
[207]. Although these techniques provide a striking visual image of a ligand on collagen,

the observations are only qualitative in nature, and do not allow one to map exact binding
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locations down to the amino acid sequence, or even determine which of the a~chains of
collagen the ligand is bound to.
2.1.1.2 Cyanogen bromide cleavage

In an effort to more accurately map ligand-binding locations on collagen, some
researchers have cleaved collagen into fragments and by dot-blot, far-Western blot,
competitive-binding assays, or other methods, determined which fragments have high
affinity for the ligand of interest. Most commonly, cyanogen bromide (CNBr) has been
used to cleave collagen, as the triple-helix of collagen is largely resistant to enzymatic
cleavage. Staatz and coworkers purified collagen CNBr fragments and determined
binding locations for the a2fB1 integrins through a platelet-adhesion assay [208].
Similarly, through a dot-blot binding assay, Beher and coworkers determined that CNBr
fragment 6 of thé al chain (a1CB6) contains the binding location for amyloid protein
[209]. Similar experiments have been conducted to map binding locations for fibronectin
[210], other integrins [211], interleukin-2 [212] , phosphophoryn [213], and BSP [105].
However, once cleaved with CNBr, collagen is no longer in its triple-helical form. Most
of these proteins were found to bind to denatured type-I collagen to the same extent as
triple-helical collagen, and therefore binding-locations are most likely physiological.
However, some proteins may require collagen to be in its triple-helical form for
physiological binding. BSP appears to require triple-helical collagen, as it has a higher
affinity for this form over heat-denatured collagen [45]. This fact calls into question
previous studies that have mapped BSP binding locations using collagen CNBr peptides.

This may also be the case for other collagen-binding partners.
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2.1.1.3 Synthetic triple-helical peptides

In some instances, particularly for collagens II and III, short synthetic triple-
helical peptides have been used to mimic physiological collagen in order to determine
collagen-binding characteristics and locations of cells or proteins. For collagen II and III,
synthetic triple-helical peptides (THPs) have been created that span the entire length of
the molecule, termed a THP “toolkit”, and these peptides have been used extensively to
map protein or peptide-binding locations [214]. This approach has been used less
extensively with type I collagen as of yet. Emsley and coworkers recently characterized
the triple-helical structure of a synthetic, mimetic type I collagen peptide complex that is
21 residues in length, and binds the a2f1 cell-surface integrin [215]. However, triple-
helical peptides for the majority of type I collagen have not been synthesized, making
these types of studies with type I collagen unfeasible. Another critique of this type of
analysjs is that if a protein binds to a region of collagen that overlaps two of the triple-
helical peptides, proper binding may be abolished.
2.1.1.4 Site-directed mutagenesis

Another method that has been used to map specific regions of collagen
responsible for binding ligands is through mutagenesis of suspected binding sites on
collagen. This has been used to confirm fibronectin binding-sites [216] as well as the 6-
residue sequence responsible for binding the al1p2 intergin [217]. However, for this
approach to be economically viable, a fairly specific binding region must already be

established.
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2.1.2 Chemical cross-linking

The study of binding locations on interacting proteins is quite problematic.
Because most protein-protein interactions are non-covalent in nature, these dynamic
binding events are in an equilibrium state where proteins bind and are subsequently
released over time. Many of the current biochemical techniques for studying proteins
would disrupt non-covalent interactions, further complicating this type of study.

Some conventional techniques used to characterize protein-protein interactions
are nuclear magnetic resonance, x-ray crystallography, and mass spectrometry.
Unfortunately, the nature of BSP and collagen prohibit these types of studies. BSP has
very low expression levels, and therefore nuclear magnetic resonance experiments are not
economically viable. Additionally, the highly acidic nature of BSP prevents the formation
of crystals for x-ray crystallography. Although BSP alone is compatible with mass
spectrometry, the very large size of collagen and heterogeneity of post-translational
modifications severely complicates MS analysis.

The process of chemical cross-linking averts most of these limitations by creating
a covalent attachment between two interacting proteins. The covalent complex can then
b¢ further characterized by methods including chemical or enzymatic digestions, Western
blots, and mass spectrometry that would not be possible if the proteins were not
covalently attached. Although the covalent cross-linking of proteins has been used for
decades, more recent advances in analysis techniques such as newer, high-resolution
mass spectrometers, as well as an increase in the number of third-party companies
inventing and producing various cross-linking compounds, have increased interest in this

type of study over the past 10 years. Many studies are being conducted in which two
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proteins are covalently cross-linked and subsequently cleaved into smaller fragments
chemically or enzymatically. These fragments can be characterized by mass spectrometry
to determine which fragments correspond to cross-linked peptides, thereby mapping the
protein-protein interface. However, with conventional mass spectrometers such as
MALDI-TOF MS, resolution limitations have made deconvolution of the data difficult
when there are many cleavage products of similar sizes, as well as incomplete cleavage
products. This would be especially difficult in the case of collagen because of post-
translational modifications, modifications imparted during digestion, and inherently
incomplete cleavage reactions. With the current refinement of high-resolution mass
spectrometers, as well as advanced analysis software, protein-protein interaction studies
utilizing cross-linking with subsequent MS analysis have become increasingly routine
[218, 219].
~ With the advent of these new techniques to study protein-protein interactions, the

possibility of determining the binding site for BSP on type I collagen has become more
promising. The purpose of this M.Sc. project is to create the reagents needed, as well as
dg:velop the protocols necessary to obtain a successful cross-link between BSP and
cqllagen. Once this has been accomplished, it will eventually be possible to map the BSP-
collagen interface through mass spectrometry. An outline of the proposed protocol is
depicted in Figure 2.1. |
2.1.2.1 Types of cross-linking compounds

There are many cross-linking compounds available that are applicable to protein
chemistry. Typically, a cross-linker consists of two reactive groups that can react with

specific amino acid side-chains, attached by a spacer-arm. If the two functional groups






Figure 2.1 General outline of a potential cross-linking and analysis protocol.

Either SDS-PAGE or MS could potentially be used to identify the presence of a BSP-
collagen complex after cross-linking. This complex could then be isolated and further
characterized by digestion and characterization through mass spectrometry.
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are the same, the cross-linker is said to be homobifunctional. If the groups are different, it
is a heterobifunctional cross-linker. There are also commercially available
heterotrifunctional reagents that have a third functional group, that may either be for
cross-linking a third protein, or may be a “tag” for identification or purification purposes.
In what are referred to as “one-step™ protocols, both proteins of interest are reacted with
the cross-linking reagent at the same time; in “two-step” protocols, the cross-linker is
first reacted with one protein, then in the second step the complex is cross-linked to the
second protein. Most commonly, heterobifunctional reagents are used, and a two-step
protocol is employed. This is because with a heterobifunctional reagent, one functional
group can be conjugated to a specific site on the first protein, and the second functional
group is usually one that can bind protein fairly non-specifically. This way, there is much
more control over the cross-linking process.
2.1.2.2  Amino acid reactivity

Most cross-linking functional groups require amino acid side chains that act as
nucleophiles. Acidic and basic amino acids act as stronger nucleophiles when the pH is
above their pKa, and therefore the sidechain is deprotonated. This results in a negatively
charged acidic residue, or a basic residue that possesses no net charge. Cysteine residues
act as vefy strong nucleophiles in their unprotonated thiolate form. The theory of
nucleophilicity states that the thiolate is actually the strongest nucleophile relative to the
a-amines of the N-terminus of proteins, e-amines of lysine residues, and the secondary
amines of histidine residues [220-222]. The pKa of the cysteine sulfhydryl is 8.8 - 9.1,
whereas the N-terminal a-amines 7.6 — 8.0, and g-amines of lysine 9.3 — 9.5. Therefore,

one would expect that the pH would have to be quite high in cross-linking reactions in
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order to attach a cross-linking molecule. However, the surrounding microenvironment of
amino acid residues in proteins significantly alters the pKa of individual residues [223].
For instance, e-amines of lysine residues that have a pKa between 9 and 10 actually exist
in large numbers in their deprotonated form even at pH 7.2 [223]. Therefore, only slightly
alkaline conditions are required for cross-linking reactions. This does, however,
complicate issues if it is desired to keep the reaction specific to a given amino acid side-
chain. Cysteine residues are an attractive target for cross-linking reactions, as they are
quite rare in proteins. Therefore, it is usually known exactly where on the protein the
cross-linker is bound. The fact that the thiolate of cysteine residues are the most
nucleophilic group is an added bonus.
2.1.2.3 Cysteine-reactive cross-linkers

A heterobifunctional cross-linker that is conjugated to a cysteine residue at one
end must have another functional group that will covalently attach to a residue on another
protein. This second functional group could be any number of chemical compounds.
However, the less specific the functional group to a particular amino acid, the better, as it
is usually unknown what part of the second protein will be in close proximity to the first
pmtein-cross-linker complex. One type of functional group that has been used much
more exténsively as of recent times is a photoactivatable group. Once excited into a
triplet state by UV light, these will generally either insert or add to carbon-hydrogen or
nitrogen-hydrogen bonds fairly non-specifically in any protein in close proximity.
Without a photoactivatable cross-linker, functional groups are limited to those that may
be specific to, for instance, amine or sulfhydryl groups, which may not be in close

proximity. This would significantly decrease the likelihood of a successful cross-link.
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Therefore, the cross-linkers that have most successfully resulted in the mapping of
protein interfaces have been those that are bifunctional, with a cysteine-reactive group at
one end and a photoactivatable group on its other end.

The spacer-arm length can also affect the success of a cross-linker in a specific
protein interaction. The longer the spacer-arm length, the further away the second protein
can be for a successful cross-link to occur. Despite the non-selectivity of photoactivatable
functional groups, some have been reported to have a slight preference for certain amino
acid side-chains. A longer spacer-arm allows a greater possibility of reaching one of these
amino acids in the second protein. However, this comes at the cost of a greater possibility
of creating non-specific cross-links that may not be physiologically relevant. In some
cross-linking experiments, cross-linkers that have the same functional groups with
different lengths of spacer arms are used to ensure that a cross-linker of optimal length is
utilized [224].

For use in the BSP-collagen interaction, it is important to select a cysteine-
reactive cross-linker with a photoactivatable group at its other end. Cysteine is an
espgcially attractive target in the BSP-collagen system, as there are no cysteines within
BSP. Because we know the collagen-binding region of BSP, cysteine residues can be
incorporated into this region via site-directed mutagenesis. Multiple sites can be mutated
to cysteine (maintaining only one cysteine per BSP peptide) in order to maximize the
chances of a successful cross-link occurring.

Out of the several hundred cross-linking molecules commercially available for
use with proteins, there are less than 15 readily available that are heterobifunctional and

contain sulfhydryl reactive and photoactivatable functional groups. Three of varying
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lengths and functional groups have been chosen to be used in these studies:
benzophenone-4-maleimide (BPM), p-azidophenacyl bromide (APB), and N-{4-( p-
azidosalicylamido)butyl]-3’-(2’-pyridyldithio) propionamide (APDP). BPM and APB
were chosen due to extensive use and characterization by others in the literature. APDP,
created more recently, was chosen based on its inherent advantages over other cross-
linking molecules (see below) and an increased spacer-arm length. Also, APDP has
reportedly been used to successfully cross-link another protein to type I collagen [225].
Each of the three cross-linking reagents will be described in detail.
BPM

Benzophenone-4-maleimide is a heterobifunctional cross-linking reagent
containing a maleimide moiety at one end, and a benzophenone at the other, spanning
between 0.86 and 1.14 nm. The double bond of the maleimide group undergoes an
alkylation reaction with the thiolate ion of cysteine by addition to the double bond
(Figure 2.2). More specifically, one of the carbons next to the double bond undergoes
nucleophilic attack by the cysteine side-chain to generate this cross-link. It is considered
speciﬁc for thiols in the pH range of 6.5 — 7.5. Benzophenone groups are excited into a
triplet-state ketone that is highly reactive upon UV exposure. The excited electron of the
benzophénone can then insert into carbon-hydrogen bonds and other active groups
yielding covalent linkages. One significant advantage to benzophenone groups over other
photoactive groups is the fact that its decay does not result in an inactive product.
Therefore, the benzophenone can be excited multiple times, resulting in higher cross-link
yields over other photoactivatable groups. Benzophenone-4-maleimide is very insoluble

in aqueous solutions; however, this does not usually pose a problem, as cysteine residues






Figure 2.2 Benzophenone-4-maleimide (BPM) and its mechanisms of action.
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are quite rare and therefore the compound only needs to be present in very small
quantities.

Benzophenone-4-maleimide has been used extensively in the literature for a range
of proteins and their interacting partners. It has been used to create intermolecular cross-
links to obtain information of protein structure, as well as intramolecular cross-links to
map binding sites. It was first used to map protein-protein interactions in 1985 when Tao
and colleagues used BPM to study the conformation of the C-terminal region of actin
[226]. Guo and colleagues have analyzed the structure of rod photoreceptor cGMP
phosphodiesterase by cross-linking to better understand how its inhibitory subunit
functions [227]. Intramolecular cross-links using BPM have been used to map binding
sites between DNA mismatch repair proteins MutL and MutH [228], between subunits of
the E. coli ATP synthase complex [229], troponin I and other thin filament proteins
[230], and many other complexes.

APB

p-azidophenacyl bromide (APB) consists of a bromoacetyl group on one end,
/where the bromine ion is replaced by an attacking nucleophile. The primary reaction is
with cysteine residues, however it is not totally specific. Other potential nucleophiles
include fhe imidazolyl nitrogens of histidines, the thioether of methionine, and primary
amines [223]. The only reaction that results in a definitive product is the alkylation of
cysteine residues, creating a carboxymethylcysteinyl derivative [231]. The
photoactivatable group on APB is a phenyl azide group. Upon excitation by UV light, the
phenyl azide forms an intermediate nitrene that reacts immediately with the surrounding

environment [232] (Figure 2.3). Nitrenes react nonspecifically either through addition via






Figure 2.3 p-azidophenacyl bromide (APB) and its mechanisms of action.
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double bonds or insertions into carbon-hydrogen or nitrogen-hydrogen bonds. Another
possible mechanism by which nitrenes react is by ring expansion, creating a nucleophile-
reactive dehydroazepine. This will primarily react with nucleophiles such as amines as
opposed to inserting into carbon-hydrogen or nitrogen-hydrogen bonds. The length of this
cross-linker is 0.9 nm [233]. The disadvantage to this type of reactive group is that the
molecule can only be excited once, and subsequently reacts or decays into an inactive
product, limiting the chances of a successful cross-link.

APB was first synthesized and used in 1975 to analyze its inhibitory effects on the
cysteine-containing active site of glyceraldehyde-3-phosphate dehydrogenase (GPDH)
[234]. Since then, it has been used mainly for mapping interactions between proteins and
nucleic acids, such as those between ribosomal proteins and RNA [235], between histone
proteins and DNA [236] and between domains of HIV reverse transcriptase and DNA
[237]. In these instances, a modified nucleotide containing a thiol group is incorporated
into the DNA or RNA, and is highly reactive with the halogen group of APB. When
irradiated with UV light, the nucleic acid will covalently attach to nearby proteins
/through APB [238]. However this cross-linker has also been more recently used to map
protein interactions such as those between yeast ATPase subunits [239], and to study the
interaction between yeast cytochrome C and cytochrome C peroxidase [240], for
instance.
APDP

N-[4-( p-azidosalicylamido)butyl]-3’-(2’-pyridyldithio) propionamide is quite
different from the other cross-linkers discussed thus far. At one end, it contains a pyridyl

disulfide that will undergo disulfide exchange, where pyridine-2-thione functions as a
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leaving group, and the rest of the molecule forms a disulfide bond with a cysteine
residue. Pyridine-2-thione is unreactive, and therefore disulfide formation is confined to
the rest of the cross-linking molecule, increasing efficiency. At the other end of APDP is
a phenyl azide similar to that of APB. This molecule has a much longer spacer arm than
the previous two cross-linkers, at roughly 2.1 nm [223] (Figure 2.4). There are some
distinct characteristics of this cross-linker that can be exploited experimentally. Firstly,
after a cross-link between two proteins has been created, the disulfide of the cross-linker
can be broken. This labels the second protein with a thiol group that would not normally
be present, but can be detected with thiol-reactive compounds [225]. Another distinct
characteristic of this cross-linker is that the phenyl ring can be radioiodinated, and
therefore detection methods for cross-links can be much more sensitive. A label-transfer
protocol such as the one mentioned above can be used to attach a radioisotope to the
second protein involved in the cross-link. Because of the ability to transfer thiols or a
radioisotope to interacting proteins, this cross-linker is often commercially categorized as
a “label transfer” reagent. This type of method could be used to probe complex protein
~ mixtures to detect which proteins interact with a protein of interest. The limitation to this
| cross-linker is that the presence of reducing agents used to initially reduce cysteine
residués will inactivate the pyridyl disulfide of the cross-linker. Therefore, care must be
taken to ensure that all reducing agents are removed from solution prior to the addition of
cross-linker. This may require the addition of a chelating agent such as 1 — 10 mM EDTA
to prevent metal-catalyzed oxidation of cysteine residues.
APDP was developed more recently than the other cross-linkers discussed. Its

first recorded use was in 1992 to characterize the interaction of E.coli ribosomal proteins
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Figure 2.4 N-[4-(p-azidosalicylamido)butyl]-3’-(2’-pyridyldithio) propionamide
(APDP) and its mechanisms of action.
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L7/L12 with the 50 S subunit [241]. This was accomplished through radiolabelling and
2D gel electrophoresis. Because of APDP’s advantages over other cross-linkers such as
the abilities to be radioactively labeled, and to introduce a reactive thiol onto interacting
proteins, it is becoming increasingly popular for site-directed photocrosslinking
experiments. It has been used to study protein-protein interactions in the E.coli
multicomponent preprotein translocase complex [242], bacterial surface layer protein
subunits that form the cell wall of archaea and many eubacteria [243], and mapping of
E.coli ribosomal subunits [244]. Yasui and coworkers utilized APDP to conjugate
pigment epithelium-derived factor (PEDF) to type I collagen, and cleaved the cross-link
using a reducing agent, thereby introducing a thiol group to the interacting region of
collagen [225]. The introduced thiol was labeled with a fluorescent probe, and the a-1
and a-2 collagen monomers separated by 2D gel electrophoresis. It was determined
through this experiment that PEDF interacted with the a2 chain of collagen [225].
Although the region of collagen involved in the interaction wasn’t resolved to the amino
acid level, the previous use of this cross-linker in mapping a protein-collagen interaction
is promising for the purposes of this thesis.

It is hoped that between the three cross-linking molecules discussed, a covalent
linkagé between BSP and collagen can be created at the physiological interface. This
protein complex could then be studied through digestion and gel electrophoresis to obtain
low-resolution data regarding binding locations, or through mass spectrometry to
determine the exact amino acid sequences involved in the interaction. Extensive reviews
have been written by Sinz and others regarding the analysis of cross-linked complexes by

mass spectrometry, initially using the relatively low-resolution MALDI-TOF MS, and
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subsequently high-resolution ESI-FTICR-MS along with various software analysis
techniques [218, 224, 245, 246]. Once cross-links are characterized by mass
spectrometry, it becomes possible to use molecular modeling to simulate the interaction,
and obtain information about the mechanisms of interaction down to the atomistic level
[247].
2.1.3 Mapping the BSP-binding region on type I collagen

In 2002, the lab of James D. San Antonio mapped most of the known ligand-
binding sites on a two-dimensional model of type I collagen [248]. However, without the
context of the three-dimensional collagen structure, it was hard to extrapolate these
binding sites to the physiological level. With the more recent resolution of the
microfibrillar structure of collagen [49], San Antonio and colleagues discovered that
there appears to be a region of the 3D collagen molecule responsible for binding cells
through integrins and other cell-surface proteins, and another region, overlapping the hole
zone, responsible for binding extracellular matrix proteins [249]. A cross-link obtained

between BSP and collagen could be mapped onto this 3D model to determine if BSP

“does, in fact, bind to collagen adjacent to the hole zone. Further studies could then be

conducted, such as molecular dynamics, to determine how this interaction promotes the
nucleaﬁon of hydroxyapatite.

The work conducted in our lab thus far towards locating the BSP-binding region
of type I collagen will be presented in this chapter. This includes the creation, expression,
and purification of various single-cysteine mutants of the BSP (1-100) peptide, their
conjugation to heterobifunctional cross-linking reagents, and the subsequent formation of

cross-links between BSP and collagen.
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2.2 Materials and methods

2.2.1 Materials

Dpn 1, Platinum Pfx polymerase, MgSOs, and fluorescein-5-maleimide were
purchased from Invitrogen/Molecular Probes (Carlsbad, CA). Acrylamide/bis-
acrylamide, sodium dodecyl sulfate, and Coomassie blue were purchased from Bio-Rad
Laboratories (Hercules, CA). B-mercaptoethanol, glycine, Tween®-20, and APDP were
purchased from Thermo Fisher Scientific (Rockford, IL). Methanol and isopropanol were
purchased from VWR International (West Chester, PA). Urea was purchased from
BioShop Canada (Burlington, ON). Medical grade N, was purchased from Praxair Inc.
(Mississauga, ON). BL21 (DE3) cells were purchased from EMD Biosciences/Novagen
(Gibbstown, NJ), while XL-1 cells were purchased from Stratagene (Cedar Creek, TX).
All other reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
specified. The type I collagen used in these studies was extracted from rat tail tendons as
previously described [250, 251].
2.2.2 Methods

'2.2.2.1 Site-directed mutagenesis

A pET28 plasmid containing the rat BSP (1-100) sequence with a hexa-His tag,
and conferring kanamycin resistance was already present in our laboratory as described
[129]. However, upon sequencing this particular construct, a base-pair mutation was
found that would create a glutamic acid-to-lysine substitution at amino acid 54 (E54K).
Therefore, site-directed mutagenesis was first required to correct this improper mutation,
and subsequently to create each of the five selected single-cysteine mutants using the

corrected BSP (1-100) sequence as a template. The location of the BSP (1-100) peptide
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with respect to the functional domains of BSP, as well as the specific residues selected
for mutation, are outlined in Figure 2.5.

The Quickchange XL site-directed mutagenesis kit (Stratagene) was used
following the manufacturer’s instructions. Primers for each PCR reaction were selected
based on a length between 25 and 45 bases, a melting temperature greater than or equal to
78°C, a GC content of about 40%, and the desired mutation near the centre of the primer.
The most highly used codon requiring only one base substitution was selected for each
mutation. The selected primers were purchased from Sigma Aldrich and are listed in
Table 2.1.

Through trial and error, an optimum PCR mixture was found to consist of: 36.4 pl
distilled autoclaved water, 5 pl Invitrogen 10x Pfx buffer, 2.5 ul Invitrogen Pfx enhancer
solution, 1.5 pl 50 mM MgSO;4, 1 pl 10 mM dNTP solution, 1 pul of 0.1 pg/ul of each
primer, 1 ul template DNA (0.2 pg), and 0.6 pl Pfx polymerase (2.5 U/ pl).

Also through trial and error, the optimum temperature cycle was found to be 18
cycles of: 95°C melting temperature for 30 seconds, 52°C annealing temperature for 30

seconds, and 68°C elongation temperature for 6 min. This cycle was preceded by a one-
min incubation at 95°C to activate the enzyme and ended with an extra four minutes of
| 68°C élongation, followed by 4°C storage of product. The thermocycler used was the
Applied Biosystems GeneAmp PCR System 2700. These data are summarized in Table
2.2. Parental DNA was digested with Dpn I and the PCR product analyzed by agarose gel
electrophoresis with ethidium bromide staining,
The PCR product for each sample was transformed into XL-1 cells, the cells

plated on LB-agar containing kanamycin, and the dishes incubated overnight at 37°C. A






Table 2.1 Primers used for site-directed mutagenesis PCR.

Primers were designed based on the following criteria: 1) a length between 25 and 45
bases, 2) a melting temperature above 77°C, 3) a GC content of approximately 40%, and
4) the desired mutation near the centre of the primer. Each PCR reaction only required a
1-base substitution to incorporate a high-usage E.coli cysteine codon.
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Primer Sequence (5'-3")

5’ K54E CAGCGACTCTTCGGAAGAAAATG(GAG)ATGGC

3’ K54E GCCAT(CTQYICATTTTCTTCCGAAGAGTCGCTG

5'S16C CATCAAAGCAGAGGAT(TGT)GAAGAAAACGGGGTC

3'S16C GACCCCGTTTTCTTC(ACA)ATCCTCTGCTTTGATG

5'Y24C GTCTTTAAG(TGC)CGGCCACGCTACTTTCTTTATAAGCACGC

3'Y24C = GCGTGCTTATAAAGAAAGTAGCGTGGCCG(GCA)CTTAAAGAC

5'Y31C CCACGCTACTTTCTT(TGT)AAGCACGCCTACTTTTATCCTCCTCTG

3'Y31C CAGAGGAGGATAAAAGTAGGCGTGCTT(ACA)AAGAAAGTAGCGTGG

5'F36C CTTTATAAGCACGCCTAC(TGT)TATCCTCCTCTGAAACGGTTTCC
 3'F36C GGAAACCGTTTCAGAGGAGGATA(ACA)GTAGGCGTGCTTATAAAG

5'S49C CAGGGAGGC(TGC)GACTCTTCGGAAGAAAATG

3'S49C CATTTTCTTCCGAAGAGTC(GCA)GCCTCCCTG

Note: Cysteine codons are in brackets with the mutated bases underlined
Codon usage: Cys: TGT: 47.6%, TGC: 52.4%, Glu: GAG: 27.8%
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Figure 2.5 The BSP (1-100) peptide and sites of single-cysteine mutagenesis.

This schematic depicts the location of the BSP (1-100) peptide within the full-length BSP
protein and its functional domains. The amino acids selected for mutation within and
surrounding the collagen-binding region are highlighted.
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[l Residues mutated to cysteine

Note: Each BSP mutant will only have one cysteine residue
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colony was selected to inoculate a 3-ml starter culture over a period of 8-12 h at 37°C
with shaking. The starter culture was then added to 247 ml LB broth and shaken at 37°C
until an OD of ~ 0.8 was reached. The cells were then pelleted, lysed, and plasmids
purified by midi-prep using the Qiagen Midi-prep kit. Outsourced sequencing using the
T7 promoter and T7 terminator sequences was used to assess the success of the PCR
reactions (Robarts Research Institute).
2.2,.2.2 Protein expression and purification
The 6 rBSP (1-100) constructs were transformed into BL21 (DE3) cells and each

grown in 6 L LB broth containing 15 pg/ml kanamycin. Once the cells reached an optical
density of 0.6 to 0.8, isopropyl-B-D-thiogalactopyranoside (IPTG) was added to a
concentration of 2 mM to induce expression. Expression was carried out for 4 h at 37°C
with shaking. The bacterial cells were sonicated in denaturing His-column binding buffer
(5 mM imidazole, 0.5 M NaCl, 0.02 Tris-HC], 6 M urea, pH 7.9). The protein extract
was then passed through a Pharmacia KK-16 column containing a nickel-binding resin
that had previously been charged with 50 mM NiSO4. The column was then washed with
10 column volumes of binding buffer and proteins were eluted by the addition of a 0.5-M
imidazole elution buffer. Elution fractions were analyzed by 12.5% polyacrylamide gels

| using the Phastgel system (Amersham Biosciences). Staining of the gels was carried out
using Stains-All and silver nitrate as described previously [252]. Fractions containing the
BSP (1-100) peptide, indicated by cyan-positive Stains-All staining at approximately 18
kDa, were pooled for further FPLC purification. The resulting protein solution was
diluted 3 to 5-fold with Mono-Q buffer A (50 mM Tris-HCl, 7 M urea, pH 7.4) and added

to the FPLC sample loop for addition to a Q Sepharose Fast Flow 1 x 10 cm column
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(FastQ). The proteins were eluted with an increasing NaCl concentration and once again
analyzed using the Phastgel system followed by Stains-All and silver staining. Fractions
containing the desired peptide were pooled and concentrated 10 — 15x using a pressurized
Amicon ultrafiltration apparatus with a YM-3 (3-kDa cutoff) membrane (Millipore). The
concentrated protein solution was then subjected to further FPLC with a Superdex 200PG
column (1.6 cm x 60 cm) (Amersham Biosciences) in 4 M urea, 200 mM NaCl, pH 7 .4.
The fractions containing the purified peptide were pooled and dialyzed against 10 mM
ammonium bicarbonate for 72 h at 4°C, using a 3-kDa cutoff Spectra/Por dialysis
membrane (Spectrum Laboratories), aliquoted into microfuge tubes, and lyophilized
overnight. Samples were then subjected to amino acid analysis, BCA assays, and
MALDI-TOF MS to determine relative purity and quantity.
2.2.2.3 Fluorescein maleimide reaction with single-cysteine mutants

Mutant proteins were dissolved in PBS, 1 mM EDTA, pH 7.5 at a concentration
of 1.136 mg/ml. A 3-pul aliquot of a 9-mM TCEP solution in 50 mM TRIS pH 7.5 was
added to 26.4 pl of protein solution, and the mixture incubated at room temperature for
30 min. Then, 0.6 ul 50 mM fluorescein maleimide in DMF was added and the reaction
incubated at room temperature for 90 min while stirring in the dark. Final concentrations
of each compound were 82 uM protein, 0.9 mM TCEP, and 1mM fluorescein maleimide,
resulting in a thiol:reducer:dye ratio of 1:11:12.2. This ratio maintains the optimum 9:10
reducer:dye ratio as determined by Tyagarajan and coworkers [253]. The solution was
quenched by the addition of 2 pl 0.2 M B-mercaptoethanol and incubated for 10 min at
room temperature in the dark. An aliquot of 15 pul of this solution was mixed with 5 pl 4x

SDS buffer lacking reducing agent and heated to 95°C for 5 min prior to loading on the
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gel. Gel electrophoresis was carried out using the Laemmli method [254] with a 12.5%
polyacrylamide gel. Samples were run at 80 V until they entered the separating gel, at
which time voltage was increased to 180V. The gel was run until the bromophenol blue
from the SDS sample-buffer reached the bottom of the gel. The gel was analyzed within
its glass plates directly on a UV-transilluminator at 362 nm to excite the fluorescein, and
an image taken. Subsequently, the gel was stained with Stains-All and silver to visualize
all protein present.
2.2.2.4 Qualitative determination of reaction between BPM or APB and BSP (1-100)
single-cysteine mutants using fluorescein maleimide

Fluorescein maleimide was used to determine if the cross-linkers benzophenone-
4-maleimide (BPM) and p-azidophenacyl bromide (APB) were being successfully
conjugated to BSP peptides. All BSP (1-100) single-cysteine mutants, as well as wild-
type BSP (1-100), were first reacted with BPM or APB following the same protocol used
to conjugate fluorescein maleimide to the proteins, replacing FM with either of the above
cross-linkers. APB was dissolved in methanol instead of DMF. Controls in which only
DMF or methanol was added were performed. Subsequently, all samples (including
controls) were diluted with 300 ul PBS, 1 mM EDTA, 0.9 mM TCEP, pH 7.5, and added
to a YM-3 microfuge filter (Microcon), in which a buffer exchange was performed to
eliminate excess cross-linker molecules. The samples were subsequently reacted with
FM as done previously (including samples that had not been first reacted with cross-
linkers) and the results analyzed by SDS-PAGE followed by UV illumination of the gel.

This qualitative measurement of the reaction between cross-linkers and the BSP (1-100)
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peptides was repeated in the presence of 2x PBS, which is the solution used to conjugate
cross-linkers to the BSP peptides for cross-linking experiments.
2.2.2.5 Characterization of the BSP-BSP interaction

To characterize the BSP-BSP interaction, BSP aggregation was measured through
cross-linking experiments in the presence of different NaCl concentrations. BSP (1-100)
Y24C was again conjugated to BPM as previously described in 2x PBS, pH 7.4. The
mixture was then diluted to twice its volume with either H,O or an NaCl solution,
resulting in final NaCl concentrations of 150 mM or 500 mM, respectively. The solutions
were incubated in the dark at room temperature with stirring for a period of 2 h, followed
by irradiation with UV light (362 nm) for a period of 5 min. The reactions were then
analyzed by SDS-PAGE in a 12.5% polyacrylamide gel with Stains-All and silver nitrate
staining.
2.2.2.6 TypelI collagen transfer assay

The following amounts of collagen in 30ul volume were loaded onto
polyacrylamide gels of 12.5% or 6%: 20 pg, 15 pg, 10 pg, 5 pg, 4 ng, 3 pug, 2 pug, 1 pg,
0.5 ng, 0.2 pg. Gels were run using the Laemmli method at 80 V until the protein reached
the separating gel, and then 120 V until the dye front reached the bottom of the gel. Using
the Mini-protean 3 system (Bio-rad), the proteins were transferred to Hybond-P PVDF
membrane (Amersham Biosciences) at either 30 or 100 V for time periods ranging from 1
h to 14 h to determine optimum transfer efficiency. The transfer buffers used were a Tris-
glycine buffer with 40% methanol (pH 8.3) and a bicarbonate buffer (3 mM Na,CO; and
10 mM NaHCOs3, pH 9.9; 20% (v/v) methanol) formulated by Dunn for use with basic

proteins [255]. Following the transfer, the PVDF membrane was incubated in Ponceau S
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stain (0.01% in 5% acetic acid) for 10 min. The membrane was destained by briefly
rinsing in Milli-Q water for 2-3 washes. The gel was stained overnight in Coomassie blue
(0.05% in 10% acetic acid, 40% methanol), followed by destaining in 10% acetic acid,
40% methanol until bands were clearly visible or the gel was completely destained. The
gel and PVDF membrane were then imaged for analysis.
2.2.2.7 Cross-linking BSP (1-100) peptides to type I collagen

The method previously described to conjugate cross-linkers to the BSP (1-100)
mutants was scaled up to obtain a final 100-pl solution of 1 mg/mi BSP, 2x PBS, 10 mM
EDTA, 0.9 mM TCEP. After a 30-min incubation at room temperature, TCEP was
removed using a Microcon YM-3 centrifugal-filter through buffer exchange. 4 pul of 50
mM APDP or BPM in DMF, or 50 mM APB in methanol was then added and the mixture
incubated in the dark for 60 - 120 min. The solution was placed in the cap of a microfuge
tube with a stir bar, and 100 pl of 1 mg/ml collagen type I dissolved in 5 mM acetic acid
was added, resulting in a 200-pul solution at neutral pH. The mixture was incubated with
slight stirring for 3 h in the dark at room temperature, followed by inversion over a TM-
36 UV transillumator (VWR) for irradiation at 362 nm for 5 to 20 min. The mixture was
then spun down for 2 min at 13,000 x g, and supernatant removed. Non-reducing SDS-
PAGE sample buffer was added, and the reactions analyzed by SDS-PAGE in a 6% gel,
followed by Western blot. In subsequent reactions, B-mercaptoethanol was added to the
cross-linking reactions prior to SDS-PAGE to characterize the nature of the observed
potential cross-link. Also, reactions were performed without the addition of either

collagen or APDP.
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After separating cross-linking reactions by SDS-PAGE, the proteins were
transferred to Hybond-P PVDF membrane (Amersham Biosciences) for 3 h at 100 V in
the Mini-Protean 3 system (Biorad), which was found to be the optimal condition for the
transfer of collagen. Once the protein had been transferred to the membrane, the
membrane was stored in TBST (25 mM Tris, 0.15 M NaCl, pH 7.6, 0.05% Tween®-20)
overnight. To detect the presence of BSP, an anti-His antibody (Qiagen) was used, as
well an N-terminal polyclonal antibody to BSP (courtesy of the late J. Sodek, University
of Toronto). However, the Supersignal West HisProbe kit (Pierce) was found to have the
highest sensitivity and specificity for the BSP (1-100) peptides. The membrane was
blocked for 1 h at room temperature using 25 mg/m] BSA in TBST, followed by two 10-
min washes. HisProb-HRP (4 mg/ml; Pierce) was diluted 1:5000 into TBST and
incubated with the membrane for 1 h at room temperature. This was followed by 4
washes for 10 min each. 7.5 ml of SuperSignal West Pico Substrate Working Solution
(Pierce) was added to the membrane for 5 min prior to analysis. The membrane was
subsequently analyzed using the Chemilmager 5500 gel doc system and corresponding
software (Alpha Innotech).
2.2.2.8 Cyanogen bromide cleavage of collagen

Cyanogen bromide cleavage of collagen was carried out by an adaptation of
methods previously published [256, 257]. Briefly, 1 mg of lyophilized type I collagen
was dissolved in 100 ul 70% formic acid in a 2-ml glass vial, and the solution saturated
with N,. Approximately 1 mg CNBr was then added and the solution gently agitated
until dissolved. The solution was again saturated with N, and incubated for 4 h at 30°C.

To quench the reaction, 100 pl 0.1 M acetic acid was added and the solution evaporated
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under N,. Then, the cleaved collagen was washed twice by adding 100 pl H>O and
evaporating under N,. The fragments were then resuspended in PBS pH 7.5, transferred
to a microfuge tube, and centrifuged for 2 min at 13,000 x g. The supernatant was used
for subsequent analysis. Alternatively, this protocol was adapted to cleave the collagen in
cross-linking reactions by diluting the cross-linking solution with high purity formic acid
(to achieve the required 70% formic acid content) instead of dissolving lyophilized

collagen directly.
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2.3 Results

2.3.1 Site-directed mutagenesis

For cross-linking experiments, it was decided that the BSP (1-100) peptide would
be used as it contains the collagen-binding region of BSP and expresses in much higher
quantities than the full-length protein. Site-directed mutagenesis PCR was used to alter an
existing construct in order to create BSP (1-100) and 5 single-cysteine mutants of BSP
(1-100). The construct contained BSP (1-100) with a hexa-histidine tag within the lac
operon, and conferred kanamycin resistance. The existing construct was found to contain
a glutamic acid-to-lysine mutation at amino acid 54. This was first mutated back to
glutamic acid to generate a template from which to generate single-cysteine mutants.
Residues mutated to cysteine were serine 16, tyrosine 24, tyrosine 31, phenylalanine 36,
or serine 49 (Figure 2.5). The original and mutated peptides will be referred to as wild-
type, S16C, Y24C, Y31C, F36C, and S49C, respectively. Three of the mutations are
therefore within the collagen-binding sequence encompéssing residues 19-46 of rat BSP.
The PCR reaction to incorporate the cysteine substitutions proved to be highly
temperamental, and therefore a large variety of variables were experimented with to
develop a consistently successful PCR reaction. These included altering the relative
concentrations of each component of the reaction, as well as the temperature cycle
followed by the thermocycler. The optimal conditions and primers used are detailed in
Table 2.2.

For each of the six site-directed mutagenesis procedures, including the correction
in the wild-type BSP (1-100) construct, a small aliquot of the PCR product was separated

by agarose gel electrophoresis in the presence of ethidium bromide. A strong band at
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Table 2.2 Optimized PCR reaction variables.

Through a process of trial-and-error, the optimal quantities of each reaction component
(A), as well as the optimal temperature cycle (B), were elucidated. These conditions were
replicated for each of the BSP (1-100) mutagenesis PCR reactions.



A)
Ingredient Volume (pL)
H,0 36.4
10x Pfx buffer' 5
10x Pfx enhancer’ 2.5
50 mM MgSO, 1.5
10 mM dNTP mixture 1
5' primer” (0.1 pg/pL) 1
3' primer” (0.1 pg/pL) 1
100 — 200 ng plasmid 1
Platinum Pfx’ 0.6
! Pfx buffer, enhancer, and polymerase are proprietary solutions from Invitrogen
? Primers varied depending on the reaction, and are listed in the Materials and Methods section
B)
Time
Cycle stage Temperature (°C) (min)
-—.mitiation ___ ¥ . 2 __.
Melting 95 0.5
Annealing 52 0.5
e Elongation  __ __ ___ _68 _ _____. 6 _..
Extended elongation 68 3
Final hold 4 o

Note: Within the dotted lines is the cycle that was repeated 18x
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Figure 2.6 Site-directed mutagenesis PCR products analyzed by agarose gel
electrophoresis.

A 2% agarose gel containing ethidium bromide was used to analyze PCR products. Band
intensities corresponding to the BSP (1-100) construct (~6 Kb) (lanes 2-4) were
compared with a control PCR reaction in which no polymerase had been added (lane 5).
The gel was run at 80 V for a period of 45 minutes and imaged on a UV transilluminator
for analysis.
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approximately 6 kb, corresponding to the desired construct, represented a successful PCR
reaction (Figure 2.6). The solutions containing successful PCR products were digested
with Dpn I to ensure that parental DNA had been degraded. XL-1 cells were then
transformed with the amplified construct and a midi-prep performed to obtain large
amounts of the purified plasmid.
2.3.2 Expression and purification of BSP (1-100) peptides

Once the successful PCR product was sequenced to determine that the mutations
had been incorporated, the 6 proteins were expressed in BL21 (DE3) cells and purified by
FPLC. Three columns were used for purification: nickel-affinity (based on the hexa-
histidine tag on BSP peptides in our construct), cation-exchange, and size-exclusion.
Elution fractions from each column were analyzed spectrophotometrically for the
presence of protein (Figure 2.7) and by SDS-PAGE with Stains-All and silver staining to
identify the proteins and purity of each fraction. Fractions containing significant amounts
of the protein of interest and lacking significant levels of contaminating proteins were
pooled for the next FPLC purification step. Figure 2.8 represents the purified peptides
separated by SDS-PAGE, with the gel stained by Stains-All and silver nitrate. Although
each BSP (1-100) peptide is approximately 12.2 kDa, when analyzed by SDS-PAGE the
protein migrates with an apparent mass of 18 kDa. This slow migration is characteristic
of full-length BSP as well. The purity and identity of each peptide was further verified
through MALDI-TOF MS (data not shown). Once purified, the pro;ceins were dialyzed
against ammonium bicarbonate, lyophilized, and subjected to amino acid analysis. The
amino acid analysis results are summarized in Table 2.3, where the relative abundance of

each amino acid is expressed as residues per 1000 amino acids. Certain amino acids, such



Figure 2.7 FPLC purification chromatograms.

BSP (1-100) Y24C was purified by nickel-affinity (A), FastQ Sepharose ion-exchange
(B), and Superdex 200PG size-exclusion (C) chromatography. Absorbance of elution
fractions was read at 230 nm and 280 nm. Peaks in absorbance indicate the presence of
protein in elution fractions. For nickel-affinity chromatography, elutions were carried out
with a stepwise increase in imidazole concentrations, while the peptides were eluted from
the cation-exchange column with an increasing gradient of NaCl (0-1.0 M). Fractions
were analyzed by SDS-PAGE and eluent containing the protein of interest was pooled
either for further purification, or dialysis and lyophilization.
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Figure 2.8 Demonstration of the purity of each BSP (1-100) peptide using SDS-
PAGE.

Roughly 20 pg of each peptide was separated in a 12% polyacrylamide gel. The gel was
initially stained with Stains-All (with an affinity for acidic proteins) and then with silver
nitrate according to the method of Goldberg and Warner, 1997 [252].
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Table 2.3 Summary of amino acid analyses of the purified BSP (1-100) peptides.

The relative abundance of each amino acid was converted to residues per 1000. The
expected values were calculated based on the 107-residue sequence of the BSP (1-100)
peptide used, including a C-terminal His-tag. The discrepancies especially apparent with
regards to cysteine and serine residues are due to poor recovery of these residues in
amino acid analysis.
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Expected*  WT S16C Y24C Y31C F36C S49C

Asp/Asn 132 140 136 137 136 139 135

Glw/Gln 217 227 225 230 223 230 230
Ser 104 (94) 38 79 89 88 88 79
Gly 75 77 85 85 87 84 81
His 66 75 74 75 69. 71 71
Arg 47 48 50 46 47 47 50
Thr 28 24 26 25 27 26 25
Ala 57 56 58 57 61 59 58
Pro 38 52 40 40 42 42 41
Tyr 47 (38) 47 47 38 36 43 47
Val 38 33 36 35 39 38 38
Met 19 8 10 10 11 11 10
Cys 0(9) 0 2 2 1 2 2
Ile 9 9 11 10 13 11 10
Leu 28 30 30 30 31 31 31
Phe 47 (38) 46 47 47 45 37 48
Lys 47 40 44 44 43 40 44

Note: In brackets are the values (per 1000 residues) expected upon successful mutation of those residues in
the corresponding peptides. Underlined are the values that were expected to change upon successful
mutation,

* Values expected based on how many of each residue are contained within the BSP (1-100) peptide,
rounded to the nearest whole number.
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as cysteine, have very poor recovery in amino acid analysis and therefore were reduced in
number from what was expected. Additionally, 10 — 15% of serine residues are also lost
during this process. Yields of the purified peptides were relatively low, ranging from 1.3
to 3.5 mg per liter of expression media.
2.3.3 Reaction between BSP (1-100) peptides and fluorescein-5-maleimide
Fluorescein-5-maleimide was used to ensure that cysteine residues were both
present and reactive. This compound will react with cysteine residues, yielding a protein-
fluorophore complex that fluoresces upon UV irradiation. The proteins were first reacted
with fluorescein maleimide, and subsequently analyzed by SDS-PAGE followed by UV
illumination of the gel. When the proteins were initially reacted with fluorescein
maleimide, no observable reaction took place, indicating that the cysteine residues were
most likely oxidized (data not shown). Fortunately, in the presence of low amounts of the
reducing agent TCEP, peptides containing cysteine residues successfully reacted with the
fluorescent compound (Figure 2.9A). Fluorescent bands in the location of BSP (1-100)
represent successful reaction with cysteine residues. The gel was subsequently stained
with Stains-All and silver to determine the presence and relative amount of protein
present (Figure 2.9B). All of the BSP (1-100) mutants successfully reacted with the
compound, indicating the presence of reactive cysteine residues. Surprisingly, there was a
faint fluorescent band corresponding to fluorescein maleimide reacting with wild-type
protein containing no cysteine residues. Although the maleimide group is highly specific
for cysteine residues between pH 6.5 — 7.5, a low level of reaction with primary amines

can possibly occur due to microenvironmental effects surrounding amine groups.



Figure 2.9 Reaction of fluorescein-5-maleimide with each BSP (1-100) peptide.

Each peptide was reduced using TCEP for a period of 30 minutes, followed by a 90-
minute incubation with fluorescein-5- maleimide using established protocols [253]. The
products were analyzed by SDS-PAGE in a 12% polyacrylamide gel, and imaged on a
UV transilluminator (365 nm) (A). The gel was subsequently stained with Stains-All and
silver to confirm the presence of BSP (1-100) (B).
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2.3.4 Optimization of type I collagen transfer to PVDF

Western blot and mass spectrometry are the most common methods used to
confirm the presence of a cross-link between two proteins. Because intact collagen is too
large for conventional mass spectrometry, Western blot was used in this study. For our
purposes, this would require the transfer of collagen and BSP from polyacrylamide gels
to PVDF membranes. Because sensitivity is often a significant issue with cross-linking
experiments due to low levels of cross-link formation, a high efficiency transfer of
protein must occur from the gel to a PVDF membrane. Collagen monomers and
aggregates are notoriously difficult to transfer, and therefore experiments were
undertaken to determine the conditions that optimize this transfer. Either a carbonate
transfer buffer or a Tris-glycine buffer was used; however, there was no appreciable
difference in transfer efficiency between the two buffers (data not shown). Various
amounts of collagen ranging from 1 — 20 ug were separated by SDS-PAGE, followed by
transfers at either 30 V or 100 V for a variety of time periods. Following the transfer, the
gel was stained with Coomassie blue, and the PVDF membrane with Ponceau S stain
(Figure 2.10). Under all of the conditions tested, a significant amount of collagen
remained in the gel. The optimal transfer observed occurred with a transfer at 100 V for 3
h. Although longer transfers yielded marginally better results, the heat generated during
transfers of these time periods appeared to alter the binding of collagen to PVDF: The
PVDF membranes under these conditions displayed areas where no observable collagen
was present, although it was originally present in the gel. As expected, the collagen a-
chains had the most efficient transfer, followed by a very low level of B-bands

transferring (sets of two a-chains). Under no conditions were any higher-molecular-



Figure 2.10 Optimization of the transfer of type I collagen from polyacrylamide gels
to PVDF membranes.

Collagen solutions containing 20 pg, 15 pg, 10 pg, 5 pg, 4 pg, 3 ug, 2 ug, or 1 ug protein
were separated by SDS-PAGE in a 6% gel, followed by a ‘wet’ transfer in Tris-glycine
buffer (pH 8.3) for various time periods at 100 V. Following the transfer, PVDF
membranes were briefly stained with Ponceau S. The gel was stained with Coomassie
brilliant blue. Intensities of the bands were compared to qualitatively assess transfer
efficiency under each set of conditions.
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weight aggregates transferred despite their presence in the polyacrylamide gel. Therefore,
a three-h transfer in a Tris-glycine buffer at 100 V was used for all transfers involving
collagen.
2.3.5 Cross-linking using BPM and APB

Experiments were conducted to cross-link the BSP (1-100) mutants to collagen
using the cross-linkers APB and BPM. The reactions were then analyzed by Western
blot. Initially, either a polyclonal N-terminal BSP antibody or a commercial anti-His
antibody was used for analysis. However, due to the poor specificity and low sensitivity
of both of these antibodies, the HisProbe kit from Pierce was used for all Western blot
analyses. This is a non-antibody Western blot system that utilizes the nickel affinity of
His tags for highly sensitive and specific detection of recombinant His-tagged proteins.
Using this system, there was no detectible cross-link formed between any BSP peptide
and collagen using either BPM or APB (Figure 2.11). A band corresponding to a
successful cross-link of BSP to collagen would most likely be present immediately above
the collagen a-chains.

It is interesting to note that each BSP peptides were self-cross-linking, resulting in
a ladder-type banding pattern. This was even apparent, though at relatively low levels,
with the wild-type protein, presumably due to a low level of cross-linkers reacting non-
specifically with amine groups. Also of interest is the fact that collagen appeared to have
a blocking effect in the upper mass range, resulting in a negative signal in the Western
blot image. Detection of a successful cross-link, if present in very small quantities, may
be complicated by this effect. However, the advantage of this blocking effect is the ability

to easily visualize the location of the al and a2 chains in this analysis.
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The lack of a cross-link between BSP and collagen could be due to many reasons,
such as a spacer-arm that was not sufficiently long enough for a cross-link to occur.
Another, but preventable possibility was that the cross-linkers were not initially reacting
with the cysteine residues of the BSP (1-100) peptides. An experiment was carried out in
which the cross-linkers BPM and APB were reacted with the reduced peptides under
conditions specific for those cross-linkers. The efficiency of the reaction between the
cross-linkers and the peptides was qualitatively analyzed by the subsequent reaction with
fluorescein-5-maleimide and analysis after separation by SDS-PAGE. Fluorescent band
intensities were compared with samples in which FM was reacted with peptides that had
not been conjugated to cross-linkers. It was confirmed that the cross-linkers were, in fact,
reacting with the cysteine residues with high efficiency, indicated by the reduction or
complete loss of fluorescence in the presence of cross-linker molecules (Figure 2.12).
Therefore some other factor must be preventing the formation of a cross-link, such as the
length of the cross-linker or the characteristics of the photoactivatable functional group.

An interesting observation was the fact that each BSP peptide cross-linked to
other BSP peptides with different frequencies depending on the cross-linker used. For
instance, the mutant Y24C appeared to have the greatest quantity of BSP-BSP cross-links
while using BPM, while Y31C had a relatively low level of these cross-links. In contrast,
in reactions using APB, Y31C had the greatest amount of BSP-BSP cross-links while
levels of Y24C complexes were low in comparison. This may be due to the slightly
different lengths of the cross-linkers, or the fact that these cross-linkers possess different
photoactivatable groups. These groups may have different propensities to react with the

closest amino acids in the BSP-BSP interaction.



Figure 2.11 BSP-collagen cross-linking reactions involving BPM and APB.

Cross-linking reactions were carried out between collagen and each of the BSP (1-100)
peptides using the heterobifunctional cross-linking reagents BPM (A) and APB (B). Once
complete, reactions were separated in a 6% polyacrylamide gel, and the proteins
transferred to PVDF for analysis by Western blot. A band corresponding to a cross-link
would be located above the collagen a-bands. The ladder-type banding pattern occurring
below the collagen a-chains corresponds to cross-linked aggregates of BSP peptides. No
cross-link to collagen was detected with either cross-linker. Collagen has a pronounced
blocking effect in the upper mass range.
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Figure 2.12 Reaction of BSP peptides with the cross-linkers BPM and APB.

Fluorescein maleimide was added to BSP (1-100) peptides before and after reacting with
benzophenone-4-maleimide (A) or p-azidophenacyl bromide (B). Successful conjugation
of cross-linkers to cysteine residues results in the inability of that residue to react with
FM, and therefore decreased fluorescence.
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2.3.6 Characterization of the BSP-BSP interaction

It was of interest to characterize the BSP-BSP cross-links observed in the Western
blot analysis, as these aggregates result in decreased protein available for cross-linking to
collagen. BSP (1-100) is highly negatively charged, although there are three lysine and
three arginine residues within the collagen-binding region. Furthermore, the collagen-
binding domain of BSP is mainly hydrophobic in nature. Because of these properties, the
BSP peptides generated could potentially interact with other BSP peptides via
electrostatic interactions and/or hydrophobic interactions. Therefore, it was of interest to
characterize the molecular interaction(s) involved to ensure that enough BSP would be in
monomeric form to interact with collagen. In order to do this, the most abundant mutant,
Y24C, was conjugated to the cross-linker BPM followed by UV irradiation in the
presence of physiological (150 mM) or high (500 mM) NaCl concentrations. The
reactions were then analyzed by SDS-PAGE and the gel stained with Stains-All and
silver. Although a very low amount of BSP-BSP cross-links were present in the lower-
salt reaction, the propensity for Y24C to cross-link to other BSP peptides significantly
increased under conditions of high salt (Figure 2.13). In high-salt conditions, distinct
bands were detected at 18 kDa, 38 kDa, 60 kDa, and 89 kDa. The three highest molecular
weight bands presumably represent cross-linked aggregates of 2, 3, and 4 BSP (1-100)
Y24C molecules. There is faint evidence of even higher-molecular-weight aggregates in
low quantities. In the lower-salt reaction, no aggregates above 38 kDa were observed.
The fact that higher electrolyte concentrations did not abolish the BSP-BSP interaction

suggests that the interaction is hydrophobic in nature. At 150 mM NaCl, a significant



Figure 2.13 Effect of sodium chloride on the BSP-BSP interaction.

BSP (1-100) Y24C was reduced and conjugated to the cross-linker benzophenone-4-
maleimide. Additional buffers containing NaCl were then added, resulting in either 150
mM or 500 mM NaCl. The reactions were irradiated with UV light (365 nm) for a period
of 20 minutes and analyzed by SDS-PAGE on a 12% polyacrylamide gel. The gel was
stained with Stains-All and silver nitrate prior to imaging.
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amount of BSP (1-100) Y24C is still in its monomeric form, and therefore will be
available to cross-link to collagen molecules in close proximity.

2.3.7 Cross-linking of BSP (1-100) peptides to type I collagen

It was important to use another cross-linker with a longer spacer-arm than both
APB and BPM, which are both shorter than 1.2 nm. Therefore reactions were carried out
where each BSP peptide was conjugated to the cross-linking molecule APDP (2.1 nm).
Dissolved collagen was then added to this reaction. The mixture was irradiated by direct
UV light to induce the formation of cross-links, and subsequently analyzed by SDS-
PAGE followed by Western blot.

The use of APDP, in contrast to BPM and APB, resulted in BSP-collagen cross-
links with the BSP (1-100) mutants S16C, Y24C, F36C, and S49C (Figure 2.14). There
was a very low level of cross-linking between mutant Y31C and collagen. Unexpectedly,
a relatively low-intensity band corresponding to a cross-link was present in the reaction
containing wild-type BSP (1-100) (Figure 2.14, lane 2). This suggests either that APDP is
forming dimers by disulfide bonding, resulting in a longer cross-linking agent with a
photoactivatable group on either end, or that APDP is somehow non-specifically reacting
with the wild-type protein. Subsequent experiments have shown that these cross-links are
dependent on the presence of APDP, collagen, and UV irradiation, and that the band does
not appear if the same reaction is reduced with B-mercaptoethanol prior to separation by
SDS-PAGE (data not shown). Although the cross-link observed appeared very similar in
molecular weight to the 150-kDa ladder marker, subsequent cross-linking reactions
indicated that the cross-link was slightly lower in apparent weight (Figure 2.14, lower
image). As with the previous cross-linkers used, in the presence of type I collagen, BSP

(1-100) appears to be cross-linking to itself at a similar level to that seen under conditions



Figure 2.14 BSP-collagen cross-link formation using APDP.

Each BSP (1-100) peptide was conjugated with APDP and incubated with type I collagen
prior to UV irradiation. The reactions were then centrifuged and the resulting
precipitated-collagen pellet analyzed by SDS-PAGE followed by Western blot using a
His-tag probe. Note the cross-linked species running slightly faster than the 150-kDa
molecular weight ladder protein. As with previous Western blot analyses, BSP-BSP
aggregates were observed and collagen a-chains produced a blocking effect enabling the
visualization of their location.
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of higher salt. The typical BSP aggregates observed in the previous BSP-BSP interaction
study are observed up to the tetramer level in the cross-linking experiments. In contrast
to the variable BSP-BSP cross-links observed while using BPM or APB, each single-
cysteine mutant conjugated to APDP formed a similar high level of aggregation,

presumably due to a less-stringent, longer spacer arm.
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2.4 Discussion

The most promising ways to determine where BSP binds to collagen begin with
chemical cross-linking. This is due to the ability, through digestions, mass spectrometry
and other techniques, to map binding interfaces down to the amino acid level. In these
experiments, chemical cross-linking offers the additional advantage that the triple-helical
structure of collagen can be maintained throughout the cross-linking process to obtain
physiologically relevant results. We have successfully created the reagents and protocols
required to obtain a covalent attachment between BSP and collagen. This process
required the expression, purification and characterization of single-cysteine peptides of
BSP, covalent attachment of these peptides to various cross-linking molecules, UV-
induced cross-link to collagen, characterization of BSP-BSP interactions, optimization of
the transfer of collagen to PVDF for Western blot analysis, and experimentation with
various Western blot detection methods. Through these developments, a cross-link
between BSP and collagen has been created with 4 of the 5 single-cysteine BSP-mutants.
2.4.1 BSP (1-100) single-cysteine mutants

Multiple single-cysteine mutants were created in order to maximize the chances
of a successful cross-link. The residues mutated to cysteine were chosen based on
location with respect to the collagen-binding domain of BSP, as well as the nature of the
amino acid side-chain. The three sites chosen within the collagen-binding domain (Y24,
Y31, and F36) were bulky, aromatic residues in order to minimize steric hindrance
between collagen and the BSP peptides due to the presence of cross-linkers. Interestingly,
other researchers established a cross-link between PEDF and collagen after mutating

phenylalanine and tyrosine to cysteine [225]. In the case that any mutation within the
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collagen-binding domain of BSP interfered with binding, it was important to mutate
residues outside this region as well. The two serine-to-cysteine mutations at amino acid
positions 16 and 49 are just outside the collagen-binding domain, and therefore steric
hindrance was less of a consideration, and maintaining a chemically similar side-chain
became more favourable.

Each BSP (1-100) peptide migrated more slowly than predicted by molecular
weight in SDS-PAGE. This slow migration is also characteristic of full-length BSP and is
poorly understood. One factor that may be responsible for this is the extended, flexible
structure of BSP. Although SDS is thought to induce a fairly extended structure in most
proteins, it is likely that the degree of denaturation varies and that BSP maintains a more
extended structure than most other proteins. The highly acidic nature of BSP may also
play a role in polyacrylamide gel migration rates. Acidic residues may repel negatively-
charged SDS molecules resulting in a less negatively-charged protein, thus affecting
migration rates.

24.2 Fluorescein maleimide reactions

Fluorescein-5-maleimide covalently reacts with cysteine residues in much the
same way that cross-linking molecules do, yielding a fluorescent product. This reagent
was used to ensure that the cysteine residues were available and able to react with cross-
linking reagents. It is interesting to note that a low level of fluorescein-5-maleimide
appeared to react with wild-type BSP (1-100) peptides despite the fact that they contain
no cysteine residues. Theoretically, maleimide reactions are completely specific to thiol
groups between pH 6.5 — 7.5. There are two possible contributing factors to this

phenomenon. Firstly, as mentioned earlier, the chemical microenvironment surrounding
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amino acids can alter pKa values, resulting in protonation/deprotonation at pH values
where this would not normally occur, and therefore allowing, for instance, certain amine
groups to become more nucleophilic [223]. This would allow the maleimides to react
with lysine residues or the N-terminal amino group of the protein. Secondly, through the
use of maleimide-based dyes similar to fluorescein-5-maleimide, it has been shown that a
large excess of maleimide over thiol groups can result in non-specific reactions with
other groups (presumable amines) [253]. In this study, Tyagarajan and coworkers
optimized concentrations and molar ratios of maleimide dyes to thiols to the reducing
agent TCEP. These concentrations were closely related to those used in this thesis for
cross-linking and labeling with maleimide agents. However, FM may have slight
differences in chemical reactivity compared with the maleimide-based dyes used in the
optimization study. Alternatively, the microenvironment surrounding cysteine residues in
the BSP peptides may differ from proteins used in that study, and therefore it is possible
that non-specific labeling occurs at a lower maleimide:thiol ratio than that in other
systems. Fluorescein maleimide reacted well with the single-cysteine mutants, displaying
a large increase in fluorescence over the wild-type peptide. This confirms the presence of
reactive cysteine residues that can be used for cross-linking reactions.
2.4.3 Transferring type I collagen to PVDF

In virtually all cross-linking studies, the formation of a cross-link is initially
confirmed by mass spectrometry or Western blot prior to further digestion and analysis.
Conventional MS techniques do not allow the analysis of large proteins such as type I
collagen. Therefore, a Western blot approach was undertaken. Due to its physical and

chemical properties, collagen does not transfer well to PVDF or nitrocellulose
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membranes. Therefore it was necessary to establish the transfer protocol that would
optimize this transfer process. Not surprisingly, the transfer efficiency of collagen
remained relatively low under all conditions tested. This is presumably due to the poor
mobility of collagen within polyacrylamide gels (type I collagen a-chains run 20 — 35
kDa heavier than they should in SDS-PAGE), the sheer size of type I collagen that
inhibits its movement in the gel, as well as the pI of collagen (approximately 8.3).
Because the use of a carbonate buffer shown to be effective for basic proteins [255] did
not significantly increase transfer efficiency, the former properties of collagen are likely
the reason for poor transfer. A lower-percentage gel could potentially be used to increase
the level of collagen transferred, but this would result in poorer resolution between
collagen a-bands on the one hand and a band corresponding to a cross-link between BSP
(1-100) peptides and collagen on the other. Although longer transfer times at 100 V
seemed to increase transfer efficiency, the associated increase in temperature caused the
loss of collagen from large areas of the membrane. The cooling apparatus used was the
Mini-protean 3 system (Bio-rad) that was run in a 4°C environment with an ice pack that
was replaced half way through the transfer. Although a more complex apparatus could be
tested that would circulate a coolant through the equipment during transfer, the increase
in transfer over time between 3 h and 4.5 h did not justify this type of upgrade. It appears,
at this point as though experiments must be carried out at high enough collagen
concentrations that bands will be detectible on PVDF despite poor transfer efficiency.
2.4.4 Reaction of BPM and APB with BSP (1-100) peptides

Because no cross-link was formed using either BPM or APB, it was of interest to

determine if these reagents had been successfully conjugated to the BSP (1-100) peptides.
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Through the use of fluorescein-5-maleimide, the reactions between cross-linkers APB
and BPM and the five BSP (1-100) mutants were confirmed qualitatively. A low basal
fluorescence was detectible on both wild-type protein and mutants that had already been
conjugated to the cross-linkers, indicating a low level of amine reactivity as observed
with the initial fluorescein maleimide reactions. Similar results were obtained when the
reactions were carried out in 2x PBS, the solution used for cross-linking experiments.
These results indicate that the peptides used in the cross-linking studies were indeed
conjugated to the cross-linkers APB and BPM. Therefore another property of these
reagents was preventing the formation of a cross-link. Most likely, the spacer-arm length
of these agents is not long enough to reach a collagen amino acid from the cysteine
residues of our BSP peptides.
2.4.5 BSP-BSP cross-links

In initial cross-linking experiments using each of the three cross-linkers,
aggregates of cross-linked BSP peptides were present. It was evident that these were
aggregates of BSP due to their blue staining with Stains-All indicative of an acidic
protein, as well as their reactivity to the Hisprobe reagent indicating the presence of a His
tag. Initially, it was hypothesized that this may be an electrostatic interaction, due to the
three lysine and three arginine side-chains within the collagen-binding domain and
glutamic acid residues outside of this region on other BSP molecules. It was desirable to
maintain the BSP peptides in a monomeric form in order to be available to interact with
collagen. If this interaction were electrostatic in nature, then it may have been possible to
eliminate aggregation by altering salt concentrations. When the propensity for BSP (1-

100) S16C to cross-link to itself was assessed under low (150 mM) and high (500 mM)
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NaCl concentrations, it was found that the high-salt condition caused a much higher level
of cross-linking than the low-salt condition. As mentioned previously, this result
indicates that the interaction is not electrostatic in nature. Since high salt did not decrease
or abolish the aggregation of BSP (1-100), it appears that hydrophobic forces are the
cause of this interaction. In addition to the basic amino acids, the collagen-binding region
of BSP contains a high proportion of hydrophobic residues. There are two theories as to
how salt affects protein interaction and aggregation. These are the Hofmeister theory
involving chaotropic and kosmotropic ions, and the theory of Debye-Hiickel screening.
2.4.5.1 The Hofmeister effect

According to Hofmeister, different ions in solution can affect protein stability
differently. Chaotropic ions increase the solubility of non-polar molecules and decrease
the forces involved in hydrophobic interactions. Conversely, kosmotropic ions increase
solvent surface tension, decrease the solubility of non-polar molecules, and increase
hydrophobic forces. According to Hofmeister, anions have a greater effect than cations
and are ordered according to Table 2.4 [258]. It is generally understood that ions above
chloride in the table are kosmotropic and ions below are chaotropic. However, more
recent reports studying the ability of anions in aqueous solutions to disrupt surfactant
monolayers suggest that chloride is mildly kosmotropic (chaotropic ions readily penetrate
and disrupt such monolayers) [259-261]. Therefore, the excess chloride ions in the high-
salt cross-linking experiment could act to increase the hydrophobic attraction between
BSP molecules, resulting in increased cross-linking once irradiated by UV light. The
mechanisms behind these ion effects are not well understood. Originally, Hofmeister and

others proposed that the effect ions have on the solubility and interaction of proteins is



Table 2.4 The Hofmeister ion series.

The ions are listed from the most kosmotropic (promoting hydrophobic interaction) to the
most chaotropic (decreasing hydrophobic interaction). In general, anions have much more
pronounced effect than cations [258].
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due to the effects the ions have on the water molecules in the bulk solution. Specifically,
chaotropic ions were thought to decrease hydrophobic forces by decreasing the ordering
of water molecules in solution, whereas kosmotropic ions were thought to increase the
ordering of water molecules, amplifying hydrophobic forces [262]. However, more recent
evidence indicates that the effects of these ions are due to their direct interaction with
either the protein itself, or the hydration shell immediately surrounding the
macromolecule [263]. Kosmotropic ions were found to polarize water molecules that
were hydrogen-bonded to amide groups of a macromolecule, and to raise the surface
tension of the macromolecule-solution interface, thereby increasing the cost of
hydrophobic hydration [264].
2.4.5.2 Debye-Hiickel screening

One other possible explanation for the observed effect of salt on the BSP-BSP
interaction is that it is caused by Debye-Hiickel screening. This effect occurs when ions
in solution aggregate in proximity to oppositely-charged regions of macromolecules (for
example, sodium ions aggregating near glutamic acid residues of BSP). This local
gathering of ions increases the apparent dielectric constant of water and causes
electrostatic forces to decrease much more rapidly with distance than they would
otherwise. This would decrease repulsive electrostatic interactions, such as that between
two highly negatively charged BSP molecules (or repulsion of positively charged
residues within the collagen-binding domain), and increase forces such as hydrophobics
that promote intermolecular interactions [265, 266]. Interestingly, recent database
analyses indicate that regions of proteins intended for interaction with other proteins are

the most prone to non-specific aggregation [267]. It has been theorized that charged
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residues within close proximity to aggregation-prone regions of proteins act as
“gatekeepers” and prevent aggregation [268-270]. These bioinformatic studies provide
strong evidence of this theory, as charged residues are almost always found within close
proximity to hydrophobic regions associated with protein interactions [267]. The three
conserved lysine residues and three conserved arginine residues within the collagen-
binding domain of BSP, as well as glutamic acid residues just outside of this region,
could therefore act as ‘gatekeepers’ that inhibit hydrophobic aggregation with other
macromolecules. The increase in NaCl concentrations could cause a Debye-Hiickel
screening effect, reducing the electrostatic repulsion and increasing the aggregating
potential of BSP.

The presence of ions including sodium and chloride have been implicated, in
vitro, in the aggregation of amyloid fibrils implicated in Alzheimer’s disease [271].
Similar amyloid aggregates are also involved in pathologies such as atherosclerosis and
type II diabetes [272]. Thus the mechanisms by which ions in solution affect biological
molecules is an important area of study that is still in its early stages. However, for the
purposes of this thesis, it is safe to assume that both theories discussed indicate a
hydrophobic interaction between BSP molecules in these cross-linking studies. Salt
concentrations above physiological levels should therefore be avoided in studies using
BSP in order to prevent non-physiological aggregation.
2.4.5.3 Collagen-induced BSP-BSP cross-links

With regards to experiments involving the chemical cross-linking of BSP to type 1
collagen, a high level of BSP self-cross-linldﬁg Was observed despite the use of a buffer

containing only 150 mM NaCl. The only possible source of this effect is the 1 pg/pL
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collagen in 5 mM acetic acid added to the BSP (1-100) peptide solutions prior to cross-
linking. Although the acetate ion is a slightly stronger kosmotrope than chloride, it is not
present in high enough final concentrations to elicit an effect (2.5 mM). A significant
drop in pH could also alter protein interactions; however, the pH of the phosphate-
buffered mixture is at neutrality after addition of the collagen solution. There may be
excess salt present in spite of the exhaustive dialysis used in the preparation of type I
collagen prior to lyophilization, and therefore actual ionic concentrations may be inflated
over what is dissolved in the buffers alone. Otherwise, collagen itself must be somehow
affecting BSP-BSP interactions. Although unlikely, multiple BSP molecules could bind
to a similar region on each collagen triple-helix, and cross-links could then form between
BSP peptides. In this case, however, it would be expected that cross-links would also
occur between BSP peptides and collagen. Many cross-linking reactions were performed
in the presence of collagen where BSP cross-linked aggregates were present, without
detection of a cross-link to collagen. Also, past work from our laboratory involving
binding curves of BSP to collagen fit well to a one-site binding model, which makes it
unlikely that many BSP molecules are binding to collagen at the same location.

It appears as though there is not any realistic way to prevent BSP-BSP aggregates
from forming in these cross-linking reactions with the available reagents. Fortunately, a
majority of BSP ultimately remains in monomeric form and is therefore available for

interaction with collagen.
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2.4.6 BSP-collagen cross-link
2.4.6.1 Establishing and analyzing a BSP-collagen cross-link

It is puzzling that no cross-link was detected with collagen when using the cross-
linkers benzophenone-4-maleimide and p-azidophenacyl bromide, as many successful
cross-linking experiments involving other protein complexes have been characterized
using these cross-linkers (reviewed in section 2.1). Since it was shown that these cross-
linkers successfully react with cysteine residues on BSP (1-100) peptides, the
photoactivatable functional groups must not be reacting with collagen. In the past,
benzophenone groups have been shown to have a preference for methionine residues in
what has been termed a ‘magnet effect’ of methionines towards the benzophenone [273].
Methionines are fairly spread out within the type I collagen molecule, and therefore if no
methionine is present near the cross-linker, than it would be less likely to form a cross-
link upon UV irradiation. However if the benzophenone group were the sole reason for a
lack of cross-linked species, then one would expect APB, with an only slightly shorter
spacer arm (0.9 nm vs. 1.14 nm) and a different photoactive functional group, to be able
to form a cross-link. This is further supported by the fact that a successful cross-link was
established using APDP, which also contains a reactive nitrene similar to APB. It seems
as though the spacer arm of both of these molecules is not sufficiently long enough to
reach collagen from any of the five locations tested. Alternatively, it is possible that
cross-links are being formed at such low efficiencies that the current detection limits are
not low enough to detect them.

The goal of this project was to establish the reagents and protocols needed to

cross-link BSP to collagen. This appears to have been successfully accomplished with the
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use of APDP as a cross-linking reagent. A successful cross-link would be on the order of
110 kDa, however due to the poor migration of both collagen and BSP, the observed
cross-link migrated as though it were about 148 kDa when analyzed by Western blot. The
molecular weight of each collagen a-chain is approximately 97 kDa, with very little
difference between al and a2 monomers. However, when separated by SDS-PAGE, they
have markedly different migration rates (migrating some 15 kDa apart), and both migrate
much more slowly than their molecular weight would suggest (running at 135 and 120
kDa, respectively). As previously discussed, the BSP (1-100) peptides also migrated
more slowly than expected (18 kDa versus a MW of 12.2 kDa). While the migration of a
successful cross-link is difficult to predict, an approximate range in which the cross-link
might appear would be anywhere from 132 kDa to 155 kDa. The observed cross-link at
148 kDa appears within this range. Because this band corresponds to the presence of a
His-tag, and is not observed in either the presence of a reducing agent or in the absence of
collagen or APDP, it is highly likely that it corresponds to a cross-link between BSP and
collagen. Interestingly, another group of researchers successfully established a cross-link
between type I collagen and another protein, PEDF, using APDP [225].
2.4.6.2 Further characterization

It is possible that the four BSP peptides successfully cross-linked to collagen have
been linked to various sites on both al and a2 chains: BSP at any location on collagen is
in close proximity to three a-chains. Emsley and coworkers have solved the crystal
structure of a complex between a 21-residue synthetic type I collagen triple-helical
peptide bound to an integrin ligand, and determined that amino acids from all three

subunits of the triple-helix participate in the interaction [215]. Since the presence of all
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three chains in a triple helix is also important for binding BSP [45], it is probable that at
least 2 chains have some type of interaction with BSP. Although various sites of cross-
links on collagen would make data analysis more difficult, it could provide us with a
more comprehensive understanding of the way BSP binds to collagen. Comparing the
cross-links formed from locations within the collagen-binding region of BSP to those
outside of it, while taking into account the microfibrillar structure of collagen solved by
Orgel and colleagues [49], would provide information about conformation of BSP upon
binding. Similar comparisons can be made between the S16C mutant and the S49C
mutant, for example, to visualize the orientation of BSP on collagen. As BSP has higher
HA nucleation potency upon binding type I collagen [45], this type of conformational
study would provide valuable information about protein secondary structures that
promote mineralization. This information would be of high importance in the
development of bone-repair therapeutics.

The visualized region of the triple-helix to which BSP binds could then be
mapped onto the theoretical collagen model developed by San Antonio and colleagues
[248] and compared with other collagen-binding ligands. It is thought that BSP will be
found to bind to collagen within the collagen matrix-interacting domain proposed by San
Antonio and, more specifically, bind to collagen adjacent to the hole zones where initial
mineralization occurs in vivo.

Further experiments involving the digestion of the cross-linked complex and
characterization by a method such as mass spectrometry should be carried out to
characterize these findings. However, it should be taken into consideration that

characterizing CNBr digestion fragments of collagen by mass spectrometry is difficult
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due to heterogeneous protein modifications [257]. However difficult it may be, this
digestion process is essential to determining the region of collagen that interacts with
BSP. The protocols involved in this process are further described in the following

section.
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2.5 Future directions

The goal of this research is to ultimately elucidate the region of type I collagen to
which BSP binds. Up to this point, a covalent cross-link has been obtained between a
BSP peptide and collagen through the use of the cross-linking agent APDP. In order to
locate the specific region of collagen to which BSP has been cross-linked, additional
research needs to be conducted. There are a variety of ways that this could be
accomplished and some preliminary studies have already been undertaken. Firstly, it
would be of interest to determine the a-chain(s) of collagen involved in the cross-linked
complex.

Yasui and Koide have cross-linked PEDF to collagen using APDP, and went on to
determine that the a2 chain was the sole collagen component of the cross-link. This was
accomplished by taking advantage of the fact that APDP acts through disulfide exchange
to react with cysteine residues. A 2-dimensional electrophoresis experiment was
undertaken in which the intact cross-link was separated in one dimension and the gel
subsequently incubated in reducing conditions. This breaks the disulfide bond between
their single-cysteine mutant and APDP, leaving collagen with a thiol group at the free
end of APDP. As collagen contains no endogenous cysteine residues after procollagen
fragments have been cleaved, a sole thiol is now present on the collagen molecule where
the cross-link was initially formed. The reduced sample was separated in the second
dimension and the gel incubated in a solution containing fluorescein-5-maleimide. When
the gel was analyzed under UV light, the electrophoretic mobility of the now fluorescent
collagen molecule was compared against the mobility of each a-chain (once stained with

Coomassie blue) to determine that the a2 chain was the one involved in the cross-link. In
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additional experiments, the cross-linked collagen was cleaved with MMP-1, resulting in
two fragments of % and % of the full-length collagen molecule. It was determined that
PEDF bound to the C-terminal quarter of collagen.

This method looks promising; however, this particular protein-collagen cross-link
appeared to occur with much higher efficiency than those obtained by cross-linking BSP
to collagen. As this type of fluorescence requires a significant amount of protein present
to be detected, sensitivity becomes a limiting factor.

A common issue with cross-linking experiments is the sensitivity of detection, as
cross-linking efficiencies are usually very low. In order to circumvent this limitation,
some researchers have used trifunctional cross-linkers containing a biotin group, and
subsequently enriched the cross-linked products through affinity chromatography [218,
274]. Although effective, this approach requires the use of a large amount of protein to
obtain the desired cross-linked species in high quantities if the cross-linking efficiency is
low. One advantage of the cross-linker APDP that has not yet been exploited in these
studies is its ability to be radioiodinated. A radioisotope would permit greater detection
limits, for instance, in SDS-PAGE. In a similar manner to how Yasui and colleagues
labeled collagen with the thiol group of APDP at the PEDF-binding region [225], it
would be possible to perform a label transfer reaction where the radio-labeled APDP is
cleaved from BSP with a reducing agent, labeling the interacting region of collagen with
APDP containing '*’I. This type of study would provide some valuable preliminary
information as to the general region of collagen to which BSP binds with significantly

increased sensitivity.
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To answer questions as to exactly how and where BSP binds to collagen, the
structure it adopts after doing so, and how this results in increased mineralization, a
highly sensitive and high resolution detection system is needed. A starting point for this
type of study would be to cleave collagen into many fragments. Because the triple-helix
of collagen is highly resistant to enzymatic cleavage, it has traditionally been digested
using cyanogen bromide, cleaving the peptide bond at the carboxyl end of methionine
residues. The CNBr fragments of collagen are well characterized in the literature and the
positions of methionine residues are highly conserved between species. A schematic of
the CNBr cleavage sites on each a-chain is depicted in Figure 2.15 [275].

Rauterberg and Kuhn initially developed a protocol to cleave very large quantities
(on the gram scale) of lyophilized collagen with CNBr in order to better characterize the
resulting fragments [256]. With the more recent advances in technology such as mass
spectrometry, characterization of peptides can be carried out on much smaller quantities.
More recently, Rauterberg’s protocols have been adapted to much smaller quantities of
lyophilized collagen (0.5 — 1 mg) [257]. However, obtaining lyophilized cross-linked
product may not be feasible as the process of dialysis prior to lyophilization would
inevitably result in sample loss. With an already low cross-linking efficiency, sample loss
could reduce our desired product below detection limits. Therefore it was necessary to
further adapt the collagen-CNBr digestion protocol to allow cleavage in the cross-linking
solutions directly. Because the reaction must take place in 70% formic acid, this involved
significantly increasing the volume of the solution in which the cleavage took place. This
resulted in a successful CNBr digest of collagen comparable to results obtained in other

studies [257, 275-278] (Figure 2.16).



Figure 2.15 Schematic diagram of the CNBr peptides of type I collagen.

Horizontal lines indicate the location of methionine residues that react with CNBr. Image
adapted from [275].
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Figure 2.16 CNBr digestion profile of type I collagen.

The cyanogen bromide reaction was carried out using a protocol adapted from [257] that
could be applied to BSP-collagen cross-linking reactions. Peptides were separated using
12% polyacrylamide gels. Left: A typical CNBr cleavage pattern upon survey of the
literature [277]. Right: Our CNBr cleavage of collagen from cross-linking type solutions.
Note: The image on the left was adapted from [277], where inaccuracies in labeling of the
collagen CNBr fragments were corrected for based on more extensive studies involving
rat tail collagen [278].
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Following CNBr cleavage, there are a number of ways to determine the collagen
fragment involved in the cross-link. One of these methods is through mass spectrometry.
The CNBr fragments of type I collagen have been well characterized using mass
spectrometry, including the possible modifications imparted during the CNBr digestion
process [257]. A cross-link could be identified by mass spectrometry through the
appearance of a new MS peak among the collagen CNBr products. Subsequently, this
cross-linked species could be analyzed through MS/MS to obtain the amino acid
sequence of the collagen fragment involved in the cross-link. Pearson and colleagues
performed a similar experiment with cross-linking reactions involving cytochrome ¢ and
ribonuclease A, where LC/ESI-MS/MS was used to select the cross-linked species of
interest, impart collision-induced dissociation (CID), and subsequently identify the b and
y ions from the fragmentation to determine the exact amino acids involved in the cross-
link [279]. Similarly, Sinz and colleagues used this approach to identify the amino acids
involved in the cross-link of calmodulin to a peptide of skeletal muscle myosin light
chain kinase [218]. This type of study would provide very detailed information about the
cross-link(s) between BSP and collagen at the amino acid level.

Because of the extensive modifications that can occur to collagen CNBr peptides
as described in [257], it is possible that a cross-linked species may be difficult to detect
by MS. In this case, the CNBr peptides could be separated by SDS-PAGE. Any
additional band(s) observed after cross-linking could be excised from the gel for
characterization through additional digestion and MS, or directly through MS/MS to

sequence the peptide(s) involved.
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Once it is determined exactly where BSP binds to collagen, structural studies
could be carried out to elucidate the secondary structure formed, if any, upon binding.
For instance, a triple-helical peptide of collagen mimicking the BSP-binding region could
be synthesized, as Emsley and coworkers have for an integrin-binding region of collagen
[215]. Subsequent X-ray crystallography, NMR, or circular dichroism experiments could
be conducted to detect the structure of the complex.

Alternatively, information obtained about the cross-links could be used as
constraints in molecular-modeling techniques to obtain detailed structural information.
This type of study was recently performed by a group of researchers who obtained three
distinct cross-links between the proteins latexin and carboxypeptidase A4 [247]. In this
proof-of-principle study, mass spectrometry was used to locate the cross-links at the
amino acid level, and this information was used as constraints in molecular-docking
experiments that generate a predicted structure. This structure was then compared with
the already-characterized crystal structure of the complex, and it was found to be in very
close agreement [247]. We have generated 4 different cross-links between BSP and
collagen from distinct locations on the BSP peptides. Constraints generated from the
analysis of these cross-links could be used to accurately predict the structure of BSP upon
binding collagen. This type of structure could then be mimicked in therapeutics such as
bone implants to enhance calcification during the healing process.

Other potential studies that couid be conducted involve the use of cross-linking
reagents for purposes other than the location of binding regions. Some of the steady-state
experiments conducted in our lab involve free BSP within reconstituted fibrillar collagen

gels [45]. As protein binding events are in an equilibrium state, an increased amount of
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BSP could be bound to collagen through chemical cross-linking to potentially increase
HA-nucleation rates. Additionally, past experiments involving the implantation of
collagenous plugs containing BSP into animal models of wound healing [29] could be
repeated with the covalent attachment of BSP to collagen so as to maintain a locally high
concentration of the HA-nucleating protein. Similar experiments have been conducted to
increase angiogenesis within collagen matrices with the presence of VEGF. Covalently
cross-linking VEGF to the collagen matrix significantly increased angiogenesis over
samples where no cross-link was formed [280].

The development of the reagents and protocols that have led to a successful cross-
link between BSP and collagen is an exciting and important step in the elucidation of the
BSP-binding region of type I collagen. In the future, it is hoped that the cross-links
formed can be extensively analyzed to glean valuable information about this important
interaction, with the ultimate goal of improving bone healing therapeutics through

enhanced biomineralization.
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