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Abstract

Abstract

Skeletal mineralisation is dependent on the generation of inorganic phosphate
(P1), which has traditionally been attributed to tissue non-specific alkaline
phosphatase (TNAP). However, evidence exists to suggest the presence of other Pi
generating phosphatases in bone, with the most compelling being that initial bone
mineralisation events in newborn TNAP knockout mice appear to be normal,
although abnormalities of the skeleton and dentition appear later. PHOSPHOI is a
phosphatase, which belongs to the haloacid dehalogenase (HAD) superfamily of
magnesium-dependent hydrolases. The work of this thesis has shown that
PHOSPHOL1 is able to catalyse the hydrolysis of phosphoethanolamine (PEA) and
phosphocholine (PCho), which displays favourable kinetics under optimal conditions
indicating that these reactions would occur in vivo.

Site directed mutagenesis of active site residues, along with molecular
modelling, confirm this enzyme as a member of the HAD superfamily as well as
implicating residues in substrate specific interactions. PHOSPHOI1 protein is
localised to the mineralising sites of the skeleton and cells of bone and cartilage in
the mouse model. Further to this PHOSPHOI is present in an active state within
matrix vesicles, the epicentre of mineral formation. Modulation of PHOSPHO1
activity through siRNA gene knockdown studies and specific PHOSPHOI1 inhibitors
leads to a decrease in the mineralisation potential of cells and matrix vesicles
respectively. These data further support the hypothesis that PHOSPHOI1 plays a
central role in matrix mineralisation, and indicates that the function of PHOSPHOI is
to sequester Pi from PEA and PCho contained within the glycerolipid membrane of

matrix vesicles.
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Preface

The biochemistry surrounding bone formation is relatively poorly understood
with proteins that contribute to the initial events of bone formation being suggested
through hypothesis and speculation. Indeed PHOSPHO1 is a completely novel
protein which is concentrated at sites of bone formation. This protein could
conceivably be one of the missing links in unravelling the mechanisms by which
bones grow and develop. It is amazing that a process such as growth is so poorly
understood; yes we know that the length of your bones determines your final height
but the molecular and biochemical processes surrounding growth remains to leave
biologists scratching their heads. Understanding these mechanisms will give rise to
novel strategies aimed at therapeutics for bone and soft tissue abnormalities that

include diseases of great public health concern.

1.1 Skeleton

The skeleton is a highly complex organ with a range of functions spanning
from support and locomotion to ion homeostasis. The skeleton itself is comprised of
two different tissues — cartilage and bone (Karsenty, 2003). The bones, which form
the skeletal frame, are held together by tendons thus providing a scaffold to which
muscles can attach. The protective role that the skeleton provides cannot be
understated with the most important organs such as the brain and lungs/heart being
shielded from physical forces by the skull and ribcage, respectively. In addition to
this the skeleton has an important role to play in ion homeostasis with large amounts
of calcium and phosphate stored as hydroxyapatite crystals. Phosphate homeostasis is

highly important as phosphate forms a major component of all glycolytic compounds
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such as ATP and creatine phosphate due to the intrinsic high energy nature of the
phosphate bond, as well as being used as both an extracellular and intracellular pH
buffering system. Calcium also has many important roles including acting as a co-
factor for cellular, enzyme mediated reactions, secondary messengers and also
regulating blood clotting. Disruption of phosphate or calcium homeostasis can lead

to hypocalcaemia, osteomalacia and rickets or hypercalcaemia.

1.2 Bone

Two types of bone structure exist; cortical (compact) and cancellous
(trabecular) bones. Cortical bone makes up approximately 80% of the total skeletal
mass (Sambrook et al, 1993). This bone type is also known as compact bone due to
its unporous (2-5%), dense and highly organised nature. It is located along the shafts
of long bones (figure 1.1A), such as the tibia and ulna and forms the primary
constituent of flat bones such as the skull. Cortical bone intrinsically has a high
resistance to tensile forces due to its compact structure (Skedros et al, 1996), which
is particularly advantageous in central regions of long bones where bending is likely.
Compact bones have very few internal spaces, those that do exist are arranged in
structures called osteons with their Haversian canals and central blood capillaries
(Havers, 1691). Between each osteon interstitial lamellae are found as shown in
figure 1.1C. Lamellar bone is made up from parallel deposits of mineralised bone,
the orientation of which gives the bone a complex rotated plywood-like structure and
allows the formation of a very strong tissue (Weiner et al, 1999).

Cancellous bone, represents around 20% of the total skeletal mass.

Cancellous, otherwise known as trabecular or spongy, bone is less dense (porosity
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As stated previously mineralised bone is characterised by vast amounts of
hydroxyapatite (calcium phosphate) Ca;o(PO4)s(OH),, formed as a result of calcium
and inorganic phosphate (Pi) precipitation. This mineral forms around 70% of the
total bone mass and the majority of the inorganic content. The mineral crystals are
deposited along, and in close relation to bone collagen fibrils. A balanced diet is
essential for a healthy skeleton as calcium and phosphate are derived from nutritional
sources, however phosphate can also be produced through the actions of enzymes
such as alkaline phosphatase. Vitamin D metabolites and parathyroid hormone (PTH)
are key mediators of calcium regulation, and lack of the former or excess of the latter

leads to bone mineral depletion.

1.3 Bone Cells

Bone contains three main cell types osteoblasts, osteoclasts and osteocytes.
Osteocytes are terminally differentiated osteoblasts, which are immobilised within
mature bone. Osteoblasts are responsible for bone formation and osteoclasts for bone
resorption thus these two cell types function in a synchronised manner to regulate

bone turnover.

1.3.1 Osteoblasts

Osteoblasts are derived from multipotent mesenchymal stem cells (stromal
stem cells) found in the bone marrow and have been described as complex
fibroblasts, other cell types that can descend from this stem cell include chondrocytes
(cartilage cells) and adipocytes (fat cells) (Ducy et al/, 2000; Aubin et al, 2002).

Morphologically osteoblasts are cuboidal in shape and are found very close to the
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bone surface and along with their precursors form a very tight layer of cells. The
gene expression profile of the osteoblast is very similar to that of a fibroblast with
very few bone specific transcripts being produced. The main difference in cell
function is that osteoblasts have the ability to form an extracellular matrix (osteoid)
which they can subsequently mineralise (Ducy et al, 2000). The un-mineralised
matrix is formed mainly from collagen type 1 (approximately 94%) which is laid
down early in bone formation, with the remainder being taken up with embedded
proteins such as osteocalcin, osteonectin, osteopontin and bone sialoprotein
(Sommerfeldt and Rubin, 2001). This stage of matrix production is under strict
control of growth factors such as fibroblast growth factor (FGF) and insulin like
growth factor (IGF). IGF-I and IGF-II can stimulate the production of type I collagen
and decrease its degradation though the inhibition of collagenase expression
(McCarthy et al, 1989). FGF functions in a complex manner, signalling through the
FGF receptor can cause inhibition of matrix development through the down
regulation of collagen type I expression and also stimulation of osteoblastic
precursors (Hurley and Florkiewicz, 1996). It was originally thought that the
osteoblast specific transcripts were restricted to Runx2, which is a gene transcription
factor and osteocalcin, which is a secreted protein with the ability to inhibit
osteoblastic function (Ducy et al, 1996, 1997), however more recently several other
osteoblast specific genes including osterix have been described.

Runx2, otherwise known as osteoblast specific factor-2 (OSF2) or core
binding factor alphal (Cbfal), has the characteristics of a differentiation factor,
which functions by pushing the cell from a mesenchymal stem cell to one with an

osteoblast phenotype. During embryonic development Runx2 expression is limited to
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cells which are intended to become osteoblasts (Ducy et al, 1997). In addition, the
expression of this transcription factor in vivo inhibits the differentiation of
mesenchymal cells into either adipocytes or chondrocytes (Komori, 2006). The Runx
proteins are homologues of Drosophila gene products known as Runt (Gergen and
Wieschaus 1985), with particularly high identity within their 128 amino acid DNA
binding domain motif known as the Runt domain (Kagoshima ef al, 1993). In
addition, a C-terminal proline-serine-threonine-rich (PST) domain is present within
all Runt proteins and is thought to act as the transcription activation domain
(Thirunavukkarasu et al, 1998). This protein only binds to DNA in its monomeric
form, which differs from other members of the Runt family. This is directly due to an
extra domain known as the AD2 or QA domain. In total three novel domains are
present in the Runx protein compared with other members of the family thus perhaps
accounting for its osteoblast specific functions (Thirunavukkarasu et al, 1998).
Runx2 knockout mice (Runx” ") display no bone formation (either endochondral or
intramembranous) due to the lack of differentiated osteoblasts (Komori et al, 1997).
Osterix 1s another osteoblast specific transcription factor which belongs to the
SP family and contains three zinc finger, DNA binding domains. Studies on this

- animals had no

protein using a knockout mouse model revealed that Osterix
osteoblasts thus identifying its function as a key transcription factor in osteoblast
differentiation (Nakashima et al, 2002). It i1s known that osterix activates gene
transcription downstream of Runx2 as Runx2 is expressed in mesenchymal stem

cells of Osterix”” mice but osterix is not expressed in these cells of Runx2” mice.

Overexpression of osterix in mesenchymal stem cells causes an increase in cellular
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proliferation, alkaline phosphatase activity, and ability to form bone nodules further
indicating its importance in osteoblast differentiation (Tu et al, 2006).

A further signalling pathway which directs differentiation into an osteoblast
phenotype is the canonical Wnt signalling pathway. This pathway is involved in the
differentiation of mesenchymal stem cells into the cells of the skeletal system,
stimulation of which is a positive regulator of osteoblastic differentiation. This
pathway induces cellular differentiation and a post mitotic state by increasing the
intracellular level of non-phosphorylated (stable) p-catenin through the inhibition of
glycogen synthase kinase 3 B (GSK3 B) thus promoting the transcription of cell
specific genes. A natural inhibitor of this pathway Dickkopf -1 (Dkk1), inhibits the
differentiation of mesenchymal cells into specific cell types by the down regulation
of nuclear B-catenin and thus gene transcription and also cytoskeletal B-catenin
inhibiting the formation of adherens junctions, which is a key regulator of
mesenchymal stem cell differentiation (Gregory et al, 2003).

The Wnt pathway as shown in figure 1.2 functions through the binding of the
Wnt ligand to a receptor complex consisting of the transmembrane protein frizzled
(Frz) and lipoprotein-related protein 5 and 6 (LRP-5/6). Stimulation of Frz induces
the recruitment of the cytoplasmic bridging molecule, disheveled (Dsh), which acts
to inhibit glycogen synthetase kinase 33 (GSK3p). The function of GSK3p is to
phosphorylate [B-catenin which induces its degradation through the ubiquitin
mediated pathway, inhibition of which causes an increase in intracellular f-catenin
which acts in the nucleus causing the activation of the lymphoid enhancer factor
(LEF)/TCF family of DNA-binding proteins resulting in LEF/TCF-mediated

transcription (Huelsken and Birchmeier, 2001). This pathway is inhibited naturally
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The osteoclast can degrade both the inorganic and the organic components of
bone matrix. To initiate resorption of bone the osteoclast is firstly recruited to the site
of damage by cytokines such as M-CSF and vascular endothelial growth factor
(VEGF) (Niida, 1999). Following recruitment, the osteoclast attaches to the
resorption site through a membrane domain called the sealing zone (Vaananen et al,
2000). It has been hypothesised that integrins play a vital role in this stage of the
resorption, with at least four being expressed in osteoclasts (avp3, avBs, a2p1, avpl)
(Nesbitt ez al, 1993). It is unclear how these integrins help coordinate bone resorption
however it is thought that they may bind to collagen type I and also matrix proteins
such as osteopontin (OPN) (Horton et al, 1995; Helfrich et al, 1996). Adhesion to the
bone surface causes the osteoclast to become polarised and form specific membrane
domains known as the ruffled border, a secretory domain and a basolateral
membrane. The ruffled border is formed by the fusion of intracellular lysosomal
vesicles with the membrane region in contact with the bone. This initiates the
secretion of hydrochloric acid by the vacuolar H'- ATPase (proton pump), along with
this acid proteases are also secreted. At this stage the plasma membrane in contact
with the matrix becomes convoluted due to an increase in membrane surface area
thus giving it a ruffled appearance (Mulari et al, 2003). Secreted enzymes, such as
matrix metalloproteases and tartrate resistant acid phosphatase (TRAP), cause the
breakdown of the extracellular matrix thus allowing the release of hydroxyapatite
crystal, which is subsequently dissolved due to the high pH of the secreted acid. The
digested bone matrix is phagocytosed and degradation products such as the collagen
fragments, along with TRAP, are then passed through the secretory domain in the

basolateral membrane. Thus, the amount of TRAP released into the circulation
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should reflect the rate of bone resorption and is hence used as a diagnostic marker of

bone resorption (Mostov and Werb, 1997; Halleen and Ranta, 2001).

1.4 Cartilage

Cartilage is a tough, elastic and flexible connective tissue which has many pre
and postnatal functions and is found in the body in three main types. Hyaline, or
articular cartilage, functions to disperse forces on joints caused by movement, acts as
a template for long bone growth, and is involved in the repair of fractured bones
(Shum and Nuckolls, 2001). Within this type of cartilage, chondrocytes (cartilage
cells) are embedded in a matrix, composed mainly of collagen type II and
proteoglycans. A second type, elastic cartilage gives support to external structures,
and is composed of chondrocytes embedded in a matrix of collagen and elastic
fibres. Fibrocartilage aids in transferring loads between tendons and bone. It
consists of an outer layer of collagen and fibroblasts that provide support and an
inner layer of chondrocytes that synthesise type II collagen fibres. Surrounding all
cartilage, bar hyaline cartilage in joints, is a dense layer of fibrous connective tissue,
known as the perichondrium, which is closely involved with the ability of the

chondrocytes to produce the aforementioned matrix (Colnot et al, 2004).

1.4.1 Chondrocytes

Chondrocytes are derived from the same progenitor cells as osteoblasts and,
in many manners, function very similarly. Terminal differentiation of chondrocytes
gives rise to the three different types of cartilage, as discussed earlier. The actual

phenotype of the cartilage is very much under the control of various transcription
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factors, DNA binding proteins and adhesion molecules (Shum and Nuckolls, 2001).
Sox9 is a transcription factor, which is expressed in prechondrocytic, and
chondrocytic cells during embryonic development. Interestingly its expression
mirrors that of collagen type II indicating a possible involvement in chondrocyte
development. Indeed cells lacking Sox9 fail to differentiate to a chondrocyte
phenotype due to decreased activation of COL2A1 (collagen type II gene), which is
an important element of differentiation (Lefebvre et al, 1997). This results in
campomelic dischondroplasia through decreased production of collagen type II.
Mesenchymal cells from Sox9”" knockout mice cannot differentiate into
chondrocytes and cartilage cannot be formed from teratomas derived from Sox9”"
embryonic stem (ES) cells. (Bi et al, 1999). In addition to this when Sox9 is
inactivated following mesenchymal condensations during embryonic development
the phenotype displayed was that of chrondodysplaysia with a severe decrease in
differentiated chondrocytes (Akiyama et al, 2002). Sox9 is a critical transcriptional
regulator of chondrocyte differentiation and in essence functions as Runx2 in
osteoblasts. Additional transcription factors such as Runx2 and c-fos also seem to be
involved in chondrogenesis. Runx2 although involved in osteogenesis also has a
significant role in chondrogenesis with knockout mice showing over expression of
type II and IX collagens, aggrecan (a proteoglycan involved in cartilage shock
resistance), and chondromodulin (Inada et al, 1999). Interestingly Runx2”" mice
show no ossification due to the maturational arrest of osteoblasts (Komori et al,
1997) however chondrocytes are found indicating perhaps a more crucial role in
osteoblast generation (Inada et al, 1999). It has however been reported that Runx2

might function synergistically with Runx3 as Runx2”"3” mice showed a complete
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absence of chondrocyte maturation (Yoshida et al, 2004). C-fos 1s a proto-oncogene,
which interferes with proteoglycan synthesis in chondrocytes and inhibits the
production of an extracellular matrix and chondrocyte differentiation (Tsuji et al,
1996).

The chondrocytes of most importance, with regard to bone growth, are those
of the growth plate, which are involved in the manufacture of a template for
endochondral ossification. Within the growth plate, chondrocytes go through various
stages of proliferation and differentiation, which is accompanied by a hypertrophic
phenotype (increased cellular volume) (Beier ef al, 1999). This is strictly controlled
by growth factors and hormones, shown through the knockout of receptors for
parathyroid hormone/parathyroid hormone-related peptide receptor (Lanske et al,
1996), FGF receptor 3 (Deng et al, 1996), transforming growth factor f (TGF-p)
(Serra et al, 1997) and many more, all of which cause defects in bone growth. Bone
morphogenic proteins, retinoic acid and steroids are also involved in the function of
the growth plate. Bone morphogenic proteins are extracellular ligands which are
members of the TGF-B super-family and can induce both bone and cartilage
formation by signalling through serine threonine kinase receptors (Miyazono et al,
2000). Initial investigations on these factors noted their propensity to induce bone
formation when injected subcutaneously in mice (Urist et al, 1965). During
mesenchymal stem cell differentiation the BMP receptor antagonist, Noggin, inhibits
the formation of precartilaginous condensations, the stage preceding cellular
differentiation (Pizette and Niswander, 2000) and mutations in the BMPS5 gene cause

condensations to be abnormal or absent in short ear mice (Kingsley et al, 1992).
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1.5 Bone Growth

Bones can grow by two distinct mechanisms; flat bones of the skull grow by
intramembranous ossification while all long bones grow by endrochondral
ossification. Endochondral ossification is the process whereby a mineralised cartilage
template (growth plate), produced by chondrocytes is resorbed by osteoclasts and
replaced with bone from osteoblasts. The growth plate is located between the
epiphysis and diaphysis and is the centre for bone growth. As mentioned before,
chondrocytes at varying stages of proliferation and differentiation are located in this
region, with several distinct zones consisting of resting, proliferating and terminally
differentiated hypertrophic cells, as shown in figure 1.4. These zones are arranged in
columns with resting at one end and hypertrophic at the other in parallel to the
direction of bone growth, separated by longitudinal and transverse septa consisting of
collagen and proteoglycans (Farquharson, 2003). As the chondrocytes become
hypertrophic and increase their size they begin to produce type X collagen and cease
to produce collagen type II (Kronenberg, 2003). A further marker of chondrocyte
differentiation is the expression of alkaline phosphatase, which is characteristic of
cells within the hypertrophic zone (Matsuzawa and Anderson, 1971). Chondrocytes
which reach this terminally differentiated state mineralise the surrounding matrix
before progressing to programmed cell death or apoptosis.

Following growth plate matrix mineralisation blood vessels from the bone
marrow invade the hypertrophic region; these are attracted to this site through the
production of vascular endothelial growth factor by chondrocytes (Kronenberg,
2003). These vessels bring with them osteoclasts which results in compete resorption

of the transverse septa along with the terminally differentiated chondrocytes and
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1.6 Matrix Mineralisation

1.6.1 The History of Mineralisation

The process of mineralisation or calcification was first documented by Rudolf
Virchow in 1855 upon describing pathological metastatic calcification, when he
concluded that “calcium salts dissolved from bone were carried in the blood and
deposited at some distant site to form calcium metastases, a process analogous to the
dissemination of cells from a primary neoplasm.” The initial research on
calcification was based on case studies from calcification disorders. This gave rise to
information regarding the extracellular nature of calcification, the crystalline form of
calcium phosphate and also that the extracellular Ca®>* and PO, ions are maintained
by homeostasis (Pommer, 1885 — cited in Anderson, 1992; Shipley et al, 1926).
However perhaps the most important discovery with regard to understanding the
process of mineralisation was that of alkaline phosphatase in 1923 by Robert
Robison this was accompanied by his theory of local phosphatase derived Pi driving
cell mediated mineralisation (Robison, 1923).

However it was not until 1970-71 that the actual mechanism of mineralisation
was hypothesised. At this point it was known that the initiation of mineral crystals
required a local nucleator through the discovery that the extracellular fluid at the
calcification front is metastable (the concentrations of Ca and PO, are less than that
required to allow calcium phosphate precipitation) (Howell et al, 1968). In addition
to this Irving (1963) and Wuthier (1968) demonstrated that lipids were concentrated
at the mineralisation front thus hypothesising that the local nucleator should consist
of lipids or have a high lipid element. In 1970-71 pioneering work by Anderson et al,

Matsuzawa ef al and Ali et al illustrated the presence of matrix vesicles (MVs) which
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were shown to be membrane derived packages found at the mineralisation front and

were characterised by intense phosphatase activity.

1.6.2 The Chemistry of Hydroxyapatite

Hydroxyapatite is a double salt of tricalcium phosphate and calcium
hydroxide and has theoretical calcium to phosphate ratio of 1.67:1. The calcium
phosphate which makes up the inorganic constituent of bone can be divided into two
separate phases, the amorphous phase which consists of tricalcium phosphate and the
crystalline phase which exists as hydroxyapatite. The amphorous phase is
predominately found in younger immature bones and is subsequently turned into
hydroxyapatite crystal, which forms around 40% of adult bone (Narasaraju and
Phebe 1996).

It was originally postulated that the major mineral constituent of bone was a
very small apatite, a finding from X ray diffraction by DeJong in 1926. However it
was not until the crystal structure of hydroxyapatite was first resolved in 1964 by
Kay et al that more clues on bone mineral were identified. It was found that the
structure of hydroxyapatite consisted of a hexagonal arrangement of calcium and
phosphate that surrounded a column of monovalent hydroxide. When these findings
were compared with X ray diffraction patterns of apatite found in bones it was
discovered that teeth and bone did actually contain natural hydroxyapatite (Eanes and
Posner, 1970). The crystal lattice of hydroxyapatite is formed from the ions Ca*",
PO,>, and OH" with their arrangement in the unit cell reflecting two phases which
are a mirror image of each other, with each cell measuring 9.432 A by 6.881 A

(Posner et al, 1958). The needle like crystals of hydroxyapatite reach a length of up
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to 300 A in bone tissue (Durning, 1958). The crystalline structure of hydroxyapatite
lends itself to isomorphous substitution, where an ion can be replaced within the
structure without disrupting the structure itself (Narasaraju and Phebe 1996). These
substitutions include the replacement of OH™ with F~ (Narasaraja, 1972), and can

provide an explanation of the integration of carbonate ions in both bones and teeth.

1.6.3 The Mineralisation Process
1.6.3.1 The Role of Matrix Vesicles (MVs)

Matrix mineralisation is a controlled process exhibited by both osteoblasts and
mineralising chondrocytes of the growth plate. It is widely regarded that the initial
stages of mineral formation occurs within the previously described packages known
as MVs. MVs bud from distinct areas of the membrane on the surface of all
mineralising cells, these areas usually lie adjacent to the matrix which will be
mineralised. The region of the hypertrophic chondrocyte that the MVs bleb from is
the lateral membrane that lies adjacent to the longitudinal septal matrix. Developing
bone MVs are restricted to the freshly formed osteoid that is located at the basal
plasma membrane of mineralising osteoblasts (Morris ef al, 1992). Inside the MV
lumen, calcium phosphate accumulates within the matrix vesicle sap until sufficient
amounts are present for precipitation to occur. This is then converted to an
intermediate, octa-calcium phosphate, crystals of which are transformed into the less
soluble hydroxyapatite (Sauer and Wuthier, 1988). The first hydroxyapatite crystals
are visible by EM and are often found closely aligned to the MVs trilaminar
membrane as seen in figure 1.5 (Anderson, 1995). Calcium accumulation is

controlled by Ca**-binding molecules such as annexin I and phosphatidylserine (Wu
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et al, 1995; Anderson, 2003). Pi accumulation is associated with the action of
alkaline and acid phosphatases (Wu et al, 1995; Anderson 2003). The most abundant
of these being tissue non-specific alkaline phosphatase (TNAP), an isoenzyme of
alkaline phosphatase expressed in bone, liver and kidney (Anderson, 1996). It is
thought that the mineralisation process is divided into two phases; phase one
concerns the intravesicular precipitation of calcium phosphate and the initial
production of hydroxyapatite crystals. This phase is predominantly regulated by
enzymes and the membrane embedded proteins such as annexin. Phase two occurs
when the crystal grows to an extent that it pierces the vesicle membrane, causing it to
collapse, allowing the egress of mineral into the extracellular space. This mineral
serves as a template for the epitaxial proliferation of the HA crystal (Anderson,
1995). The crystal, at this point, proliferates radially around the edge of the matrix
vesicle to form a sphere or spherule of hydroxyapatite, these continue to grow until
they fuse forming a mineralisation front. The rate of mineral growth at this stage is
dependent upon the ionic conditions of the extracellular fluid (Ca®* and Pi), the pH
and also presence of inhibitory molecules such as inorganic pyrophosphate (PPi),
anionic proteoglycans and calcium binding noncollagenous proteins (Bohn et al,
1984; Dziewiatkowski and Majznerski, 1985; Campo and Romano, 1986). Three
molecules present in osteoblasts have so far been identified as affecting the
controlled deposition of bone mineral by regulating the extracellular levels of PP;
i.e., tissue-non-specific alkaline phosphatase (TNAP); NPP1 (a nucleotide
pyrophosphatase/phosphodiesterase isozyme) and the ANK gene product (which
forms a PPi channel on the surface of mineralising cells). Hydroxyapatite crystals

form structures around the triple helix of the collagen fibril, which has been
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characterised by pathological mineralisation leading to the theory that apoptosis is an
important step in the mineralisation process (Hashimoto e al, 1998). In addition,
apoptotic bodies can be induced to mineralise in vitro though a similar mechanism to
MVs (Proudfoot et al, 2000), this initially led to the hypothesis that MVs were
closely related to apoptotic bodies and perhaps apoptosis mediated matrix vesicle
release. This is however not the case as matrix vesicle production precedes the
apoptotic process and mineralisation of the growth plate cartilage occurs in a wider
region than that of apoptosis (Kirsch et a/, 2003). Also several structural differences
exist between MVs and apoptotic bodies including, particle size (MVs are bigger, as
shown in figure 1.6), however perhaps more importantly MVs contain all of the
necessary machinery to create an environment conducive to mineralisation (alkaline
phosphatase activity and annexins) whereas apoptotic bodies do not (Kirsch et al,
2003). It is more likely therefore that mineralisation can occur upon apoptotic bodies
due to the capture of calcium during the exteriorisation of phosphatidylserine, this is
in concordance with the findings that detergent treatment of apoptotic bodies causes
inhibition of calcium uptake through membrane solubilisation (Proudfoot et al,
2000), however an identical treatment of MVs only serves to release the mineral
from the lumen where it can continue to grow as per phase 2 of crystal growth
(Kirsch et al, 1994). These findings indicate that mineral is produced on the outer
membrane of apoptotic bodies whereas it is produced in the lumen of MVs
(Anderson, 1995). It is not clear what the precise function of these apoptotic bodies
are in growth plate cartilage as mineralisation of this area is mediated before
apoptosis occurs, through the production of MVs. At the point of apoptosis a

vascular network is present thus it is possible these bodies will be phagocytosed
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As seen in figure 1.8A TNAP is localised on the outer membrane of
hypertrophic chondrocytes and MVs. It is also found on the surface of mineralising
osteoblasts and MVs derived from this cell type. TNAP is more concentrated on the
surface of MVs compared to their parent cells, the mechanism by which this occurs,
however is unknown. It has been advocated that the role of TNAP in bone formation
is to generate the Pi needed to facilitate calcium phosphate precipitation and
therefore hydroxyapatite deposition, however this is not the whole story regarding
TNAP function (Robison, 1923; Majeska and Wuthier, 1975). Perhaps the most
important role that TNAP plays in mineralisation is by hydrolysing PPi, its natural
substrate since PPi is a potent inhibitor of hydroxyapatite crystal formation,
elimination of the molecule from mineralising sites is critical to the mineralisation
process. | This has in part been proven by examination of TNAP knockout mice
where hypomineralisation of the skeleton is evident. Electron microscopic analysis of
MVs from TNAP-deficient mice, demonstrate that crystals of calcium phosphate are
present within the vesicle lumen (as shown in figures 1.8B and C), however
extravesicular crystal propagation is retarded (Anderson et al, 1997; 2004). Indeed it
has recently been hypothesised that the actual function of TNAP is to decrease the
PPi/Pi ratio thus forming an environment conductive for hydroxyapatite deposition.
This hypothesis has been formed due to the finding that TNAP knockout mice have
an abnormally high bone PPi concentration whereas the Pi concentration remains
constant (Harmey et al, 2004). It has previously been hypothesised that TNAP can
also function as a Pi transporter (Farley et al, 1980) due to its apparent affinity for

free phosphate however more recently the specific Pi transporters Pit-1 and Pit-2
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concentrations of PPi. NPPs have been implicated in several cellular pathways
including bone mineralisation, cell signalling by insulin and nucleotides and cell
differentiation and motility (Bollen et al, 2000). NPP1 localisation mirrors that of
TNAP, with high concentrations being found on the surface of osteoblasts and
chondrocytes as well as MVs derived from these cell types (Johnson et al, 1999).
The main role of NPP1 seems to be its mineralisation inhibiting properties through
the production of the mineralisation inhibitor PPi. This has been shown in osteoblasts
engineered to over express NPP1, the result of which is an elevated intravesicular
concentration of PPi accompanied by a decrease in hydroxyapatite precipitation
(Johnson et al, 1999). NPP1 knockout mice, however are characterised by
hypermineralisation defects such as mineralisation of the posterior longitudinal
ligament of the spine diffuse idiopathic skeletal hyperostosis, ankylosing spinal
hyperostosis and pathological soft-tissue ossification, including arterial calcification
(Okawa et al, 1998; Sali et al/, 2000). Conversely when NPP1 expression is elevated,
MV-mediated calcium pyrophosphate dihydrate (CPPD) matrix calcification of the
kneé meniscal cartilage during aging is observed (Johnson et a/, 2001; Masuda et al,
2001). This pathological CPPD precipitation has also been observed in association
with TNAP deficiency which, as with elevated NPP1 levels is characterised by high
PPi concentrations. When TNAP was knocked out alone, PP1 would build up within
the matrix thus inhibiting crystal formation, however when NPP1 and TNAP were
knocked out in tandem a normally mineralised skeleton was seen at birth (Hessle et
al, 2002). A schematic pathway is shown in figure 1.9. Thus these two enzymes have
an antagonistic effect on each other and loss of TNAP can be corrected by knocking

out NPP1 thus decreasing the production of PPi. Interestingly PPi negatively
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An interesting finding from these studies is that the Pi to allow mineralisation
of the double knockout skeleton must be produced or sourced from another location
hinting that TNAP is not the only enzyme supplying Pi for mineralisation. Indeed,
recently it has been suggested that other phosphatases contributing to the Pi pool are

present (Anderson ef al, 2004).

1.6.4.3 Other Phosphatases Contributing to Pi Accumulation

MVs contain many other phosphatases which have the potential to raise the
intravesicular concentration of Pi to allow the initiation of mineralisation. Adenosine
monophosphoesterase (AMPase) is one such phosphatase which is enriched in MVs
(Ali et al, 1970). Interestingly it has recently been shown that adenosine
monophosphate (AMP) can induce, and indeed was one of the best substrates for the
deposition of calcium phosphate within isolated rat MVs (Garimella et al, 2004). In
addition to this inorganic pyrophosphatase (PPiase) has also been shown to be
concentrated within matrix vesicle preparations, this enzyme functions in a similar
fashion to TNAP by hydrolysing the mineralisation inhibitor PPi (Ali et al, 1970). It
is however not known what the relative contribution is of TNAP vs PPiase in
contributing Pi for calcium phosphate precipitation. Another phosphatase known to
be present within MVs is ATPases (Matsuzawa and Anderson, 1971), it has also
been shown that ATP hydrolysis increases the potential for MVs to mineralise in
vitro (Hsu and Anderson, 1996). However, much evidence to suggest that this
enzyme is not responsible for the induction of mineralisation in vivo is present.
Perhaps the most compelling of this evidence comes from the analysis of the action
of matrix vesicle ATPase and its hydrolysis products. This enzyme acts as a tri

phosphate pyrophosphatase, producing AMP and the mineralisation inhibitor PPi
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(Hsu, 1983), and as stated previously AMP is a potent inducer of mineralisation. In
addition when using ATP as a substrate for in vitro MV calcification the mineral
formed is mostly calcium pyrophosphate dihydrate, which is of a non-crystaline
nature (Derfus et al, 1995). This would suggest that the role of ATPases are in fact to

modulate the mineralisation process through the production of PPi.

1.6.4.4 Osteopontin

Osteopontin (OPN) is a negatively charged, acidic and hydrophilic protein of
around 300 amino acids (44KDa) in size (Mazzali et al, 2002). It is secreted by both
osteoblasts and osteoclasts, but not exclusively, and mediates the attachment of cells
to hydroxyapatite crystals through polyaspartic acid motifs as well as arginine-
glycine-aspartic acid (RGD) motifs (Young et al, 1990). Osteopontin also potentially
contains calcium binding motifs and two heparin binding domains thus perhaps
accounting for its affinity for hydroxyapatite (Prince, 1989). In addition to this it is
also thought that it can attach to collagen through transglutamination (Beninati et al,
1994). OPN was first recognised in bone matrix by Franzen and Heinegard in 1985
and at that time it was called bone sialoprotein 1. A specific function for this gene
product is not known, which is in part due to Opn”” mice displaying a normal
skeleton with the only phenotypic differences being greater crystal size and
crystallinity (Boskey e al, 2002). These mice however, when challenged with
parathyroid hormone, which signals indirectly via osteoblasts for osteoclast
differentiation through production of RANKL and therefore bone resorption, show

an impaired response (Ihara et al, 2001).
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Osteopontin expression is also promoted in the presence of PPi, thus providing a link
between this protein, NPP1, ANK and TNAP in mineralising cells, as shown in

figure 1.10 (Harmey et al, 2004).

1.6.4.5 Osteocalcin

Osteocalcin, or BGP (bone gla protein), is exclusively found in bone tissue,
and accounts for 10-20% of the non-collagenous protein in bone. This protein has
been the subject of investigation by knockout mouse technology, and functionally it
was found to be able to negatively regulate bone formation. Newborn knockout mice
have a normal bone phenotype at birth but after a period of 6 months an increased
bone density and thickness is observed. This was hypothesised to be due to
osteoblasts depositing more bone matrix than those of wild-type mice, which led to
the conclusion that osteocalcin was a negative regulator of bone formation (Wolf,
1996). Osteocalcins' regulatory function is due to the structure of the protein; it
consists of a single chain approximately 50 amino acids in length and contains three
vitamin K-dependent gamma-carboxyglutamic acid residues (GLA). These are
closely involved in its ability to bind both calcium and hydroxyapatite, shown in
figure 1.11. This protein is largely unstructured when calcium is not present,
however when calcium is in the vicinity of the protein it is transformed into a folded
state (Hoang et al, 2003). This allows calcium sequestering thus inhibiting mineral
formation and matrix mineralisation (Chenu et al, 1994). In addition to osteocalcins
ability to regulate bone formation it has also been implicated in bone remodelling by
acting as a chemo-attractant for monocytes which are part of the osteoclast cell

linage (Malone et al, 1982).
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this protein is to inhibit or, in the case of the growth plate, modulate the
mineralisation process (Luo et al, 1997). This hypothesis has been furthered through
the demonstration that overexpression of MGP in hypertrophic chondrocytes reduces
their mineralisation potential (Newman et a/, 2001). The human disease Keutel
syndrome is triggered by mutations in the MGP gene, and is characterised by

excessive cartilage calcification (Munroe et a/, 1999).

1.6.4.7 Osteonectin

Osteonectin, otherwise known as SPARC (secreted protein acidic and rich in
cysteine) or BM-40 is an osteoblast expressed, phosphorylated glycoprotein of
approximately 32KDa (Termine ef al, 1981). Osteonectin is known as a matricellular
protein as it does not function as a structural component of matrix but does act as
regulator of cell behaviour and can account for up to 15% of non collagenous protein
in bone (Bradshaw and Sage, 2001). This protein has been implicated in many
cellular pathways in nonskeletal systems including the stimulation of
metalloproteinase expression, modulation of angiogenesis and inhibition of cell
proliferation. It can also inhibit the function of growth factors such as platelet-
derived growth factor, TGFB, and vascular endothelial growth factor (Bradshaw and
Sage, 2001). Its precise function in bone remains unclear, however osteonectin null
mice display an imbalance in bone turnover. This primarily affects trabecular bone
where a decrease in both osteoblast and osteoclast numbers are present, this results in
a negative effect on bone mass (Delaney e al, 2000). It is thought that this is directly

due to osteopontin acting as matrix embedded differentiation factor for osteogenesis

(Delany et al, 2003).
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Osteonectin can bind collagen within the matrix and when complexed can
bind apatite. It has therefore been hypothesised that this protein may initiate
mineralisation in normal bone by acting as a local nucleator for hydroxyapatite
formation (Termine et al, 1981). Human osteonectin is found on chromosome five
and spans 10 exons containing domains attributing to its calcium binding
characteristic. The two domains involved in calcium binding are the N-terminal
acidic region containing clusters rich in glutamic acid residues and the EF-hand
domains which are helices connected with a calcium binding loop. The N terminal
region is negatively charged thus attributing to its affinity for Ca®*" whereas the
helices of the EF hand domain are co-ordinated to allow calcium binding, as found in
other intracellular binding proteins such as calmodulin. When the protein is fully
loaded with several Ca>" ions a structural change is educed resulting in an increased
helix content of the protein (Engel et al, 1987). It has also been reported that
osteonectin has the ability to inhibit hydroxyapatite crystal growth in vitro (Romberg

et al, 1986).

1.6.4.8 Bone Sialoprotein

Bone sialoprotein (BSP-II) is one of the major phosphorylated proteins in
bone and protein localisation reflects sites of mineralisation. These sites are
associated with both chondrocytes and osteoblasts and have been linked to an
involvement in hydroxyapatite crystal formation (Chen et al, 1991). BSP-II is highly
glycosylated and has a molecular weight of approximately 57KDa and contains
approximately 50% carbohydrate (small O-linked oligosaccharides) with around

15% sialic acid (Fisher et a/, 1983). The protein also contains a RGD cell attachment
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sequence, three regions of acidic amino acids (glutamic acid) and three regions of
tyrosine residues throughout its sequence (Fisher ef al/, 1990). The tyrosine residues
are likely to undergo sulphation, however the importance of this process is yet
unknown.

BSP-II has been shown to act as a local nucleator for hydroxyapatite
production (Hunter and Goldberg, 1994). It is thought that this function is due to
glutamic acid rich sequences as polypeptides of L-Glu induced the formation of
hydroxyapatite similar to that seen with bone sialoprotein (Hunter and Goldberg,
1994). It has been suggested in this study that this nucleation of hydroxyapatite
growth may be directly due to the specific conformation of the helical polyglutamate
stretches in the bone sialoprotein at mineralisation sites. In addition it has been
reported that in a case of bovine osteoporosis a significant reduction in BSP-II is
present within the bone matrix thus strengthening its role in mineral formation

(Fisher et al, 1990).

1.6.4.8 Potential Mediators of Mineralisation - PHOSPHO1?

Although the eradication of the potent mineralisation inhibitor, PPi has been
shown to be of utmost importance for the propagation of hydroxyapatite crystals,
examination of MVs from TNAP knockout mice by electron microscopy indicate
that they contain mineral (figure 1.8C) (Anderson et al, 2004). As TNAP is localised
on the outer leaflet of the MV thus controlling the extra-vesicular PPi/Pi ratio it
would have no influence on the mineralisation occurring in the vesicle lumen.
Although other phosphatase enzymes have been identified within MV’s their

relevance to the mineralisation process remains to be questioned. Undoubtedly
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enzymes causing the hydrolysis of intra-vesicular PPi or elevating Pi thus creating an
environment permissive for hydroxyapatite formation are present. It has been
suggested that PHOSPHOI1, a novel enzyme thought to belong to the haloacid

dehalogenase superfamily of hydrolases could be involved in this stage of

mineralisation.

1.7 On the Origin of PHOSPHO1

PHOSPHOLI, or 3X11A as it was originally known, was discovered at the
Roslin Institute during a scheme of work that was attempting to characterise the gene
expression profile of both proliferating and hypertrophic chondrocytes. In particular
it was trying to identify factors that may regulate chondrocyte differentiation and/or
matrix resorption. By separating chondrocytes into populations depending on their
stage of differentiation a novel transcript that was highly expressed in differentiated
chondrocytes was identified. Analysis of gene expression by RT-PCR showed that
this phosphatase was up regulated 5-fold during terminal differentiation of
chondrocytes and expressed around 100-fold higher in growth plate chondrocytes
compared to various non-skeletal tissues including heart, lung and brain (figure
1.12A) (Houston et al, 1999). Upon sequence analysis three motifs were identified
which were found to be conserved at the active sites of members of the haloacid
dehalogenase (HAD) superfamily. The HAD superfamily is a group of magnesium-
dependent hydrolases, including dehalogenases, P-type ATPases, phosphatases and
phosphomutases (Aravind et al, 1998; Collet et al, 1998). Following analysis of the
active site motifs it was suggested that this protein was a phosphatase and it has

subsequently been shown to have the ability to cleave p-nitrophenyl phosphate
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1.7.1 PHOSPHO1 Localisation

PHOSPHOL protein has been localised to all regions of mineralising bone
and cartilage in the avian model (Houston et al, 2004). As seen in figure 1.14A,
PHOSPHOL1 is found in early hypertrophic chondrocytes, which are the sites of the
first stages of hydroxyapatite mineral production. It is not found in the hypertrophic
chondrocytes suggesting that PHOSPHO1 is required for the initiation of
mineralisation but not for its maintenance. The perichondral ring, as shown in figure
1.14B, is also intensely stained for the presence of PHOSPHO1. The function of the
mineralised perichondral ring is to provide protection to the growth plate.
PHOSPHOI protein was also identified, in both cortical and trabecular bone. As
shown in figure 1.14C strong PHOSPHOI staining is evident in the periosteum and
on the mineralising surfaces of the primary osteons, upon analysis of diaphyseal
cross sections. Houston and colleagues (2004) reported that the staining within the
periosteum was limited to the osteoid with fibroblast or osteogenic layers found to be
PHOSPHO1 negative, however these cellular layers would also be found negative
for mineralisation. PHOSPHO1 was also localised to the surfaces of 17 day old
embryonic calvaria, osteoid found on both the intramembranous and periosteal bone
surfaces stained positively for PHOSPHOL! (figure 1.14D). The investigators also
reported its presence on the surfaces of mature trabecular bone. No PHOSPHOI
staining was found on the surface of cartilage spicules directly distal to the growth
plate, interestingly this area is characterised by an absence of osteoid and
mineralisation. All soft tissues examined for PHOSPHOI localisation were negative
further strengthening the hypothesis that PHOSPHOI1 plays an important role in bone

and cartilage mineralisation.
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1.7.2 Molecular Modelling of PHOSPHO1

A homology model has been constructed of human PHOSPHO! based upon
the crystal structure of phosphoserine phosphatase (PSP) from Methanococcus
Jjannaschii to which it shares approximately 20% identity (Stewart ez al, 2003). In the
PHOSPHOI1 model, amino acid side-chains involved in magnesium binding and PSP
catalysis are conserved between the template and PHOSPHO1. However, residues
involved in substrate-specific interactions are not. This suggests that PHOSPHOI is
not a member of the phosphoserine phosphatase subfamily but belongs to a novel,
closely related enzyme group within the HAD superfamily. The residues which
facilitate hydrolysis of the phosphate group (Gly100, Lys144 and Asn170) (Wang et
al, 2002) are fully conserved in PHOSPHOL1 with the exception of Glyl100, which is
replaced with Asp123. In addition three Asp residues (11, 13 and 167) involved in
catalysis are also conserved between the two proteins (Stewart et al, 2003). This
implies that the catalytic site in PHOSPHOL is very closely related to that of PSP
thus suggesting that phosphocompound hydrolysis by PHOSPHO1 occurs by the
stepwise Mg’ -dependent mechanism, as with PSP. Analysis, however, of the
binding pocket of PSP compared to PHOSPHO1 reveals that PHOSPHOL is likely to
be able to hydrolyse larger substrates than PSP due to alterations in amino acid
composition (Stewart et al, 2003). A diagrammatic representation of the PHOSPHOI

active site is shown in figure 1.16.
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associated with MVs in a similar fashion to TNAP as these are widely regarded as
the sites of mineral initiation and the only part of hydroxyapatite deposition that is
enzyme restricted. This recombinant protein produced will be used for the production
of an antibody to allow the immunolocalisation of PHOSPHOI.

To assign function I intend to both over express PHOSPHOI1 and attempt to
knock down gene transcription in cell lines. The overexpession work will take the
form of driving the expression of human PHOSPHOI in a non-mineralising cell to
investigate whether this protein is potent enough to induce mineralisation. To knock
PHOSPHOI1 expression down I will attempt to use short hairpin (sh)RNA vectors to
stably transfect both chondrocytes and osteoblasts to investigate gene function in
each of these cell types.

I also intend to modulate protein activity; however this is more difficult to do
than genetically manipulating cells to modify gene expression. To tackle this aim I
intend to find small molecule inhibitors of PHOSPHO1 and investigate their effect
on the mineralisation process in vitro. This will be achieved by high throughput
chemical screening of compounds and assessing their effect of PHOSPHO1 mediated

hydrolysis of phosphoesters.
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2.1 Reagents and Solutions
2.1.1 Materials

All  chemicals were purchased from Sigma  Aldrich  (Dorset,
UK) unless otherwise stated. PCR oligonucleotides were purchased from MWG
Biotech (Ebersberg, Germany), shRNA oligonucleotides were purchased from

Sigma-Genosys (Haverhill, UK). Antibodies that were used in this study are detailed

in appendix 4.

2.1.2 Buffer Recipes

Cell Culture Buffers
Phosphate Buffered Saline (PBS)
140 mM NaCl, 2.5 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,

Cell Freezing Buffer
60% DMEM, 30% FBS, 10% Dimethyl sulfoxide (DMSO)

Hanks Buffered Saline Solution (HBSS)
1.26 mM CaCl,, 0.493 mM MgCl,, 0.407 mM MgSOQOy, 5.33 mM KCl, 0.441 mM
KH;POy4, 4.17 mM NaHCO3, 137.93 mM NacCl, 0.338 mM Na,HPO,, 5.56 mM D-

Glucose

Bacterial Culture

Lysogeny Broth (LB) media

1% bacto-tryptone, 0.5% bacto-yeast extract, 150 mM NaCl, adjusted to pH 7.5

LB agar
LB supplemented with 1.5% bactoagar
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Super Optimal Broth with Catobolite repression (SOC) Media

2% bacto-tryptone, 0.5% bacto-yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM
MgCl,, 10 mM MgSO,, 20 mM glucose

Gel Electrophoresis
Tris-Acteric Acid-EDTA (TAE)
40 mM Tris, 1 mM EDTA, 0.1 % Acetic Acid

Tris-Boric Acid-EDTA (TBE)
(90 mM Tris, 2 mM EDTA, 90 mM boric acid

Agarose Gel Loading Buffer
1.2 mM bromophenol blue, 50% (w/v) glycerol, 10% (v/v) 10x TBE

Qiagen Kit Buffer Compositions
Re-suspension Buffer P1

50 mM Tris-HCI, pH 8.0; 10 mM EDTA; 100 pg/ml RNase A

Bacterial Lysis BufferP2
200 mM NaOH, 1% SDS

Elution Buffer EB
10 mM Tris-HCl, pH 8.5

Neutralisation Buffer P3
3 M Potassium Acetate, pH 5.5

Equilibration Buffer QBT
750 mM NaCl; 50 mM 3-[N-morpholino] propanesulfonic acid (MOPS), pH 7.0;
15% isopropanol (v/v); 0.15% Triton X-100 (v/v)
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Column Wash Buffer QC

1M NaCl, 50 mM MOPS pH7.0, 15% isopropanol (v/v) and 0.15% Triton X-100
(v/v)

Elution Buffer QN

1.6 M NaCl, 50 mM MOPS, pH 7.0, 15 % isopropanol (v/v)

DNA Re-suspension Buffer TE
10 mM Tris HCI, pH 8.0, 1 mM EDTA

PolyAcrylamide Gel Running and Staining Buffers
MOPS Running Buffer
50 mM MOPS pH 7.7, 50 mM Tris, 0.1% SDS, 1 mM EDTA

NuPAGE Transfer Buffer
25 mM Bicine pH 7.2 , 25 mM Bis-tris , 1 mM EDTA, 0.05 mM Chlorobutanol

LDS Sample Buffer
10% Glycerol, 141 mM Tris Base, 106 mM Tris HCIl, 2% LDS, 0.51 mM EDTA,
0.22 mM SERVA® Blue G250, 0.175 mM Phenol Red, pH 8.5

Coomassie Stain Solution

50% (v/v) methanol, 10% (v/v) acetic acid, 1.5 mM coomassie brilliant blue

Coomassie Fixing Solution

50% (v/v) ethanol, 10% (v/v) acetic acid

Coomassie De-stain Solution

50% (v/v) methanol, 5% (v/v) acetic acid

Silver Stain Developing Solution

0.003% (w/v) citric acid, 0.012% (v/v) formaldehyde
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Silver Stain Staining Solution

175 mM AgNOs, 780 mM NH4OH 0.36% (v/v) NaOH

Western Blotting
Tris-Bufferd Saline with Tween 20 (TBST)
10 mM Tris HCI pHS.0, 150 mM NacCl, 0.1% Tween-20

Blocking Solution

5% (w/v) dried milk protein (Marvel) in TBST

Immobilised Metal Chromatography Buffers
NiNTA Lysis Buffer

20 mM Tris-HCI pH 8.0, 500 mM NaCl, 10 mM imidazole and 1.6 mg/ml of

Complete® protease inhibitor cocktail

NiNTA Wash Buffer
20 mM Tris-HCI pH 8.0, 500 mM NaCl, 20 mM imidazole

NiNTA Elution Buffer
20 mM Tris-HCI pH 8.0, 500 mM NaCl, 250 mM imidazole

Biochemical Assay Buffers

Calcification Buffer

50 mM Tris-HC1 pH 7.6, 1mM MgCl,, 85mM NaCl, 15mM KCl, 2.2 mM CaCl,, 1.6
mM KH,PO,;, 10mM NaHCO;

Tris-Buffered Saline (TBS)
10 mM Tris HCI pH7.2, 500 mM NaCl
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incubated at 37 °C until cells become detached. Growth media containing serum was
then added to the cell suspension to neutralise the trypsin, this was pipetted
repeatedly to create a single cell solution and split into fresh flasks. The ratio each
cell line was split at differed, however it was usually between 1:3 and 1:8. The cells

were then allowed to attach to the plastic and propagate in 37°C, humidified

incubator in the presence of 5% CO,.

2.2.4 Freezing/Thawing cells

To freeze cells a monolayer was stripped as described in 2.2.3 and counted.
The cells were centrifuged at 2000 rpm for 5 minutes and resuspended in the
appropriate volume of cell freezing buffer to give a cell concentration of between 2-4
x 10° cells per ml. The cells within a cryovial (Corning, Surrey, UK) were then
transferred to a temperature of -80°C for between 4-7 days and then to -150°C for
longer term storage.

Cells were thawed at 37°C and added drop wise to 10ml complete media. The
cell suspension was then mixed and spun at 2000 rpm for 5 minutes to remove the
DMSO. The cell pellet was resuspended in complete media and transferred to a T75

tissue culture flask.

2.2.5 Cell Counts

To allow accurate plating density the cells were counted using an Improved
Neubauer haemocytometer. This device has a counting chamber that is 0.1 mm deep
and divided into nine large squares. Following trypsinisation an aliquot of diluted

cells was mixed with trypan blue to allow quick detection of viable cells under the
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microscope. The viable cells in four of the large squares were counted and an
average taken. That figure was then multiplied 10* (as one square = 0.1 pl) and then

by the appropriate dilution factor to get number of cells/ml.

2.2.6 Transfection of Mammalian Cells with Vector DNA

SW1353/Sa0S-2/Hela cells were seeded in T25 flasks in complete DMEM so
as to reach approximately 70% confluence the following day. For each T25 to be
transfected 100 pl Opti-MEM (Gibco) serum free medium was placed into a sterile
tube, 3 pl GeneJuice (Novagen, Madison, USA) was then added drop-wise directly to
the serum-free medium and vortexed. The solution was incubated at room
temperature for 5 min. 1 pg of plasmid DNA was added to GeneJuice/serum-free
medium mixture for each T25 to be transfected and mixed. The GeneJuice/DNA
mixture was incubated at room temperature for 15 min. The entire volume of
GeneJuice/DNA mixture was added drop-wise to the cells in complete growth
medium (4ml). The flask was rocked to ensure good distribution of the
genejuice/DNA complexes. The cells were incubated for 24 h at 37°C (5% CO,)
before the growth medium was removed and replaced with fresh DMEM. At this
point selective pressure with the appropriate antibiotic (G418 or Puromycin) was put
on the cells and cultured. Cell growth was observed every day and medium changed
with selection drug every 2 days. The stable line was usually produced after 4 weeks

of selection pressure.
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2.2.7 Isolation of Chondrocytes and Matrix Vesicles from Chick Growth Plate
Cartilage

Under sterile conditions, growth plate cartilage from 3-week-old broiler
chickens was collected and diced. Matrix vesicles were released from this according
to the collagenase method as previously described (McLean et al, 1987). With the
following adjustments; diced cartilage was incubated at 37 °C in Hanks buffered
saline solution (HBSS) (Gibco) containing 0.1% trypsin type II at a ratio of 0.2g
tissue/ml solution for 30mins. The cartilage was then washed in fresh HBSS and
incubated in 0.07% collagenase (Worthington, type II) for three hrs with constant
agitation at 37 °C. The partially digested tissue was passed through a 40 UM sieve to
remove mineral and undigested material. The flow through was checked for the
presence of chondrocytes by microscopy. Chondrocytes and matrix vesicles were
harvested from the digest by differential centrifugation. Briefly, the digest was spun
for 30 min at 1500 g to collect chondrocytes, then at 30,000g to remove sub —
cellular debris and finally at 250,000g to pellet matrix vesicles. Isolated chondrocytes
were seeded in T25 flasks at an initial density of 1x10° cells/cm® in DMEM
containing 10% FBS. Following cellular attachment the cells were treated with 50
pg/ml ascorbic acid 2-phosphate (AA) and 10 mM B-glycerophosphate (BGP) to
induce matrix mineralisation. A media only control was always included. Cells

reached confluence in approximately seven days.

2.2.8 Isolation of Matrix Vesicles from Cultured Chick Chondrocytes
The cell monolayer was washed with HBSS, and then incubated at 37°C in

the presence of 0.1% trypsin type II in HBSS for 30min. This was removed, cells
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washed and a 0.07% collagenase (Worthington, type II) solution added, This was
allowed to incubate at 37°C for 10 minutes before scraping into a universal container
and incubating for a further 90 minutes at 37°C. The cell suspension was subjected to

differential centrifugation as described in 2.2.7 to isolate both cells and matrix

vesicles.

2.2.9 Staining of Cell Monolayers
2.2.9.1 Alizarin Red Staining

This stain is used to detect the presence of calcium deposits on cell
monolayers and hence is ideal for the detection of hydroxyapatite (calcium
phosphate) deposits. Calcium forms an alizarin red S-calcium complex in a chelation
reaction thus areas containing calcium deposits stain red. The growth media was
removed from the cell monolayer and the cells washed 3x with PBS. The monolayer
was then fixed in 2% para-formaldehyde (PFA) for 15 minutes at 4°C, washed in
PBS and stored in PBS until required at 4°C. A solution of 2% Alizarin-S stain was
made in H,O and pH set at 4.2 with NaOH, this is critical to the staining procedure.
The monolayer was overlaid with the stain for 5 minutes with constant agitation and
repeatedly washed with distilled H,O until no stain was present in the wash. To
quantify dye incorporation the dye was leached from the monolayer by the addition
of a 10% cetylpyridinium chloride (CPC) solution for 5 minutes (or until all of dye
had been drawn from the monolayer). The OD of the dye solution was then measured

at 570nm, calibrating the spectrophotometer to 10% CPC.
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2.2.9.2 Von Kossa Staining

This stain is used to detect the presence of calcium salt deposits in cell
monolayers. It utilises silver nitrate in the staining solution (silver ion carries a
positive charge) binding with the anionic (negative charge) region of the salt (in this
case phosphate). As the major calcium salt found in mineralising cells is calcium
phosphate this stain will show regions where crystals of calcium phosphate
(hydroxyapatite) are present. The growth media was removed from the cell
monolayer and the cells washed 3x with distilled H,O. The cell monolayer was then
immersed in 5% silver nitrate for 30 minutes under strong light, this actively reduces
the calcium and replaces it with silver thus creating black deposits. The monolayer
was then washed 3x in distilled H,O and incubated with 2.5% sodium thiosulphate
for 5 minutes to remove unreacted silver ions. The monolayer was then stored under

distilled H,O until a digital image was taken.

2.2.9.3 Alkaline Phosphatase

This procedure is a simultaneous coupling azo dye method utilising sodium
a-naphthyl phosphate as substrate for alkaline phosphatase in the presence of fast
blue RR (a diazonium salt). When the a-naphthyl phosphate is hydrolysed by
alkaline phosphatase the a-naphthyl couples with the diazonium salt, forming an
insoluble, visible pigment at sites of phosphatase activity. The growth media was
removed from the monolayer and the cells washed 3x with distilled H,O. The cells
were then overlaid with 2 nM a-naphthyl acid phosphate, 2 mM MgCl,, 1mg/ml fast

blue RR in 0.1M barbitone buffer pH9.4 (set with HCI) and incubated at 37°C for 6
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minutes. The cells were then rinsed with ice cold 0.1M acetic acid to stop the

reaction and washed 3x in distilled H,O.

2.3 DNA Methods
2.3.1 Transformation of Competent Bacteria

Three stains of Escherichia coli (E. coli) were used in this study, JM109
(Stratagene, the Netherlands) for routine cloning, TOP10 (Invitrogen, Paisley, UK)
for protein expression, and SURE-2 (Stratagene, the Netherlands) cells for pSUPER
cloning. SURE-2 (Stops Unwanted Recombination Events) were selected due to the
homologous regions of the pSUPER plasmid having a propensity for recombination,
when using JM109 this phenomenon is observed. The transformation procedures for
all three are very similar, the main differences are the length of heat shock. When
using SURE-2 cells and JM109 cells, 2 pl and 0.8 ul B-mercaptoethanol was added
respectively to 100 pl of cells and was incubated on ice for 10 minutes (Note this
step was not necessary with TOP10 cells). Approximately 20ng of plasmid DNA was
added to the cells, mixed and allowed to incubate on ice for 30 minutes. Both JM109
and TOP10 cells were subjected to heat shock at 42°C for 30 seconds, whereas for
SURE-2 cells this was 45 seconds thereafter the cells were returned to ice for 2
minutes. 900 pl SOC (Super Optimal Broth with Catobolite repression; Hanahan,
1983) media (Invitrogen, Paisley, UK) was added to the cells and incubated at 37°C
for 1 hr with constant agitation. Aliquots of the transformation mixture were spread
on LB (Lysogeny Broth; Bertani, 2004) agar plates containing 100 pg/ml ampicillin

and incubated overnight at 37°C.
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2.3.2 Liquid Culture of Bacterial Clones

Individual colonies were picked from the agar plates of transformed bacteria
into a 10ml LB culture media containing 100 ug/ml ampicillin. This was incubated
overnight at 37°C with constant agitation. 2ml of the bacterial culture was spun at
6,000g and pelleted bacteria resuspended in 1ml LB containing 50% glycerol. These

glycerol stocks were stored at -20°C until required.

2.3.3 Minipreparation of Plasmid DNA

The remaining 8ml of bacterial culture was used for plasmid DNA production
utilising the Qiagen miniprep spin kit (West Sussex, UK). Briefly the 8ml of culture
was spun at 6,000 rpm for 15 minutes and resuspended in 250 ul buffer P1. The cells
were then lysed by addition of 250 ul buffer P2, and incubated at room temperature
for 5 minutes. The genomic DNA and proteins were precipitated from the lysate by
addition of 350 pl buffer N3 and centrifuged at 13,000 rpm for 15 minutes to clear
the lysate. The supernatant was centrifuged through a Qiagen column containing a
silica membrane to selectively adsorb plasmid DNA in the high salt buffer. The
membrane was the washed with buffer PE and plasmid DNA eluted by centrifugation

at 13,000 rpm with 50 pl buffer EB or distilled water.

2.3.4 Endofree Maxipreparation (Qiagen) of Plasmid DNA

Endofree Maxi Prep kits remove endotoxin generated from gram-negative
bacteria such as E. coli. Endotoxin-free DNA improves the efficiency of transfection
into sensitive or immunologically active cells. A 10ml liquid culture was set up as

detailed above and grown for 9 hrs at 37°C with vigorous shaking (~300 rpm). The
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10ml E. coli culture was then transferred into a flask containing 200ml LB (with 100
ng/ml ampicillin) and grown overnight at 37°C with vigorous shaking (~300 rpm).
The bacterial cells were harvested by centrifugation at 6000 x g for 15 min at 4°C.
The supernatant was removed and bacterial pellet resuspended in 10ml buffer P1, the
cells were then lysed through addition of 10 ml buffer P2 which was mixed
thoroughly by inverting and incubated at room temperature for 5 minutes. The
genomic DNA, proteins, cell debris, and SDS were precipitated by addition of 10 ml
chilled buffer P3, which was mixed by inverting 4-6 times. The lysate was poured
into the barrel of the QIAfilter cartridge and incubated at room temperature for 10
min. The lysate was then passed into a sterile tube and 2.5 ml buffer ER was added to
remove endotoxin and incubated on ice for 30 minutes. The filtered lysate was then
applied to a QIAGEN-tip equilibrated with buffer QBT and allowed to enter the resin
by gravity flow. The QIAGEN-tip was washed with 2 x 30 ml buffer QC. The DNA
was eluted by addition of 15 ml buffer QN and precipitated through the addition of
0.7 volumes of room temperature isopropanol. This was mixed and centrifuged at
15,000 x g for 30 min at 4°C to pellet the plasmid DNA. The supernatant was
decanted and pellet washed with 5 ml of endotoxin-free 70% ethanol and centrifuged
at 15,000 x g for a further 10 min. The supernatant was decanted and the peliet left
to air dry for 10 min. The DNA pellet was then re-dissolved in 100 ul endotoxin-free

buffer TE and stored at -20°C until required.

2.3.5 Agarose Gel Electrophoresis
DNA fragments were separated by horizontal agarose gel electrophoresis.

Agarose concentrations from 0.75% to 2% were used depending on fragment size
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(higher concentrations for smaller fragments). The gels were produced by dissolving
powdered agarose in TBE buffer by heating to the point of boiling. Ethidium
bromide (EtBr) was added to a final concentration of 0.5ug/mi to allow visualisation
of the DNA under UV light. The gel was then poured into a cassette with slot former
and allowed to set. The DNA samples were mixed with loading buffer and loaded
onto the submerged gel. The fragments were separated according to size by applying
a voltage of 100V across the gel for 1-2 hrs. DNA bands were visualised using a UV

transilluminator and photographed using attached camera.

2.3.6 Isolation of DNA Fragments from Agarose gel

DNA was separated as detailed in section 2.3.5. The DNA band was
visualised over UV light (due to EtBr intercalation) and excised using a scalpel
blade, taking care to trim all unstained gel from the slice. The agarose gel slice was
weighed and then subjected to the DNA extraction protocol set out in the Quiquick
gel extraction kit (Qiagen). Briefly 300 ul of QG buffer was added per 100mg of
agarose and heated to 50°C for 10 minutes to dissolve the gel. 100 i isopropanol per
100mg agarose was added to the mixture to help increase the DNA yield. The
mixture was then applied to a spin column and centrifuged at 13,000 rpm for 1
minute. This allows the DNA to bind to the silica membrane of the column. The
DNA was then washed with 750 ul wash buffer (PE) by applying it to the spin
column and centrifuging at 13,000 rpm for 1 minute. The empty spin column was
then spun for an additional minute to remove traces of ethanol. The DNA was eluted

by the addition of 50 pul buffer EB or nuclease free H,O and centrifuging at 13,000

rpm for 1 minute. The DNA was stored at -20°C until needed.
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2.3.7 Quantification of DNA Concentration

DNA concentration was calculated by UV spectroscopy. Readings were taken
at 260nm and 280nm. The concentration of DNA was automatically calculated by the
biowave reader using the following equation: Ajey x 50 x dilution factor. The ratio
of: Ajeo/ Azgo gives an indication to how pure the DNA is, proteins have an
absorbance at around Ajg therefore the lower the number the less pure the DNA

prep is.

2.3.8 Restriction Endonuclease Digestion of DNA

Digestion of DNA using restriction endonucleases was carried out both as a
diagnostic tool and to allow the formation of a DNA fragment to engineer into other
DNA i.e. plasmids. Roche restriction endonucleases were used for this process along
with their optimised buffer. A typical 20 ul digest would contain 1 ug DNA, 1 unit

of the restriction enzyme, 2 ul 10x reaction buffer, the volume was made up with

distilled H,O. The restriction reaction was carried out at 37°C for 1-2 hrs. If a double
digest is to be carried out the manufacturers technical data was consulted to find a
suitable reaction buffer that both enzymes are able to operate in. Usually 1 unit of

each enzyme would be used per 1 ug of DNA in a 20ul reaction.

2.3.9 DNA Ligation into Linearised Vectors
2.3.9.1 Ligation into the pBAD-TOPO Vector

The pBAD-TOPO vector (Invitrogen, appendix 1) is an expression vector
which utilises topoisomerase technology to allow direct cloning of PCR fragments in
front of an arabinose inducible bacterial promoter. Taq polymerase has a non-

template-dependent terminal transferase activity that adds a single deoxyadenosine
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(A) to the 3" ends of PCR products. This allows ligation directly to overhanging 3’
deoxythymidine (T) residues at the cloning site of the vector. The covalently bound
topoisomerase 1 enzyme allows the PCR product to be ligated without the enzyme
DNA ligase. 100ng of PCR product was mixed with 1 pul vector and 1 ul salt
solution, this was incubated at room temperature for 5 minutes. This ligation mixture

was used directly for transformation of competent cells.

2.3.9.2 Ligation into Vectors Linerarised by Restriction Digestion

The vector of choice was linerarised by restriction enzyme digestion using
enzyme sites contained within the vector multiple cloning site. The insert will also
have complimentary sites at either terminus making “sticky ends” for ligation. A
molar ratio of 3:1 insert to plasmid was used for all ligations of this nature. The
Roche rapid ligation kit was used and manufacturers instructions followed. Briefly
both insert and vector were diluted in DNA dilution buffer so that the final volume
equalled 10 ul, reaction buffer (10 ul) was then added and mixed. Finally 1 ul DNA
ligase was added to the reaction which was incubated at room temperature for 15
minutes. This ligation mixture was used directly for transformation of competent

cells.

2.3.10 DNA Sequencing
DNA sequencing was carried out commercially at either ARK Genomics

(Roslin) or through the DNA sequencing facility at Dundee University.
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2.4 RNA Methods

2.4.1 Isolation of Total RNA from Cells and Tissues
Ultraspec RNA isolation reagent was used to isolate RNA from both cell

monolayers and tissues. When isolating RNA from a cell monolayer the cells were
scraped directly in ultraspec (Iml per 25cm?) and transferred to a nuclease free
universal. Similarly for tissue the dissected organ was immersed in ultraspec (approx
1ml/g tissue). The tissue/cells were homogenised using an electric homogeniser in
five 10-second bursts. The universal was returned to ice between each of the bursts to
prevent heat build up. The homogenised lysate was then passed though a 25G needle
ten times to ensure the production of a uniform lysate. Chloroform (200 pl per ml)
was added and vortexed for 15 seconds, the sample was then incubated on ice for S
minutes, before centrifuging at 12,000g (4°C) for 15 minutes; this separates the
sample into two phases — the upper, aqueous phase and the lower organic phase. The
RNA is contained in the aqueous phase and proteins/DNA in the organic phase. The
aqueous phase was removed and transferred to a sterile tube, and 0.5x the volume of
isopropanol added to the RNA. 50 ul RNA Tack resin was added to the RNA and
vortexed for 30 seconds. The mixture was spun for 1 minute at 12,000g and
supernatant discarded. The pellet was then washed twice with 75% ethanol by serial
vortexing and centrifugation. The pellet was then left to air dry for 30 minutes. The

RNA was eluted from the resin pellet by the addition of 100 ul nuclease free H,O.

2.4.2 DNase Treatment of RNA

To each 100 pl of RNA, 10 ul 10x DNase 1 Buffer (Ambion, Huntingdon,

UK) was added along with 2.5 pul RNase inhibitors (Promega, Southampton, UK).
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This was vortexed before 5 ul DNase (Ambion) was added. The RNA was mixed

and incubated at 37°C for 60 minutes. The DNase was inactivated using 0.2 x the

volume of inactivation reagent (Ambion).

2.4.3 Reverse Transcription Polymerase Chain Reaction (RT PCR)

Reverse transcriptase is a RNA-dependent DNA polymerase which is
encoded by retroviruses. Their viral function is to copy the viral RNA genome into
DNA prior to its integration into host cells. This can be exploited to allow production
of DNA (cDNA) from any RNA template and is known as reverse transcription PCR.

The SUPERSCRIPT - First Strand synthesis system for RT-PCR was used

for reverse transcription (Invitrogen) along with Oligo dT (Roche, East Sussex, UK).

5 ug RNA sample and 500 ng Oligo dT were mixed and incubated at 70°C for 10
min to denature the RNA, this was subsequently incubated on ice for 1 minute. 2 ul
10 x RT buffer, 2 mM MgCl,, 10 mM DTT and 0.5 mM dNTP’s were added to each

RNA sample and mixed, finally 200units (u) Superscript enzyme was added and
mixed. The following PCR cycle was used; 25°C for 10 min, 42°C for 50 min and
70°C for 15 min for annealing, elongation and termination respectively. The cDNA

was stored at -20°C until required.

2.4.4 Polymerase Chain Reaction (PCR)

PCR was performed on either cDNA produced from reverse transcription or
on genomic DNA, as a diagnostic tool or to allow the amplification of a gene for

functional studies. In a typical 50 pul PCR reaction the following quantities of

reactants were used; 0.2 mM dNTP mix (Promega), 5 wl 10x PCR Buffer (Roche), 5
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units Taq polymerase (Roche), 0.5 uM of the forward and reverse primers, 4 ul DNA
(at appropriate concentration) and nuclease free H,O up to 50 ul. This was then
cycled in a ThermoHybaid Px2 Thermal Cycler under the following conditions: 94°C
for 5 minutes for one cycle, thirty cycles of 94°C for 30 seconds 55-60°C (depending
on the melting temperature of the primers) for 30 seconds and 72°C for 1 minute and

finally one step of 72°C for 10 minutes. The PCR products were then run on an

agarose gel, as outlined in section 2.3.5.

2.4.5 Real Time (Quantitative) Polymerase Chain Reaction (qQPCR)

Tissues from several mice were pooled and RNA was isolated by
phenol/chloroform extraction and used directly in a quantitative RT-PCR reaction
The Brilliant® SYBR® Green QRT-PCR Master Mix Kit (Stratagene) method was
utilised to allow quantification by fluorescence during the PCR reaction. Briefly 25
ul SYBR green mastermix was added to 10 ng RNA along with 0.2 uM forward and
reverse primers for Phosphol (forward: GACAATGAGCGGGTGTTTTC reverse:
GGGGATGGTCTCGTAGACAG). The RT-PCR reaction was cycled in a Perkin-
Elmer Applied Biosystems Prism 7700 sequence detector as follows: 50°C for 30
minutes (RT step), 95°C for 10 minutes, 40 cycles of 95°C for 30 seconds 57°C for
30 seconds and 72°C for 1 minute. Each tissue sample was tested in triplicate and

compared to 18S RNA (classic II primers; Ambion) as an external control which
allowed normalisation of results. An identical PCR was carried out on a dilution
series of RNA using both gene of interest and external to allow estimation of PCR

efficiency.
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The raw data is in the form of a C, value which is the cycle number at which
the fluorescence in the tube passed above a predefined threshold. This C; value is
used in the calculations to show relative differences in gene expression in different
samples. Briefly the difference in C, values between the gene of interest and the

control was calculated and used to determine relative quantification by expressing

the values as 272°T.

2.5 Protein Methods
2.5.1 SDS Polyacrylamide Gel Electrophoresis

Mammalian cells and MVs were disrupted by sonication in PBS containing
1.6 mg/ml of Complete® protease inhibitor cocktail (Roche). Proteins were separated
according to weight on Novex Bis-Tris gels (Invitrogen) based on the discontinuous
method of Laemmli (1970). The comb was removed from the pre-cast gel and the
wells rinsed with distilled water. This gel was then placed in to a tank filled with 1x
MOPS running buffer (Invitrogen), the central portion of buffer contained an anti-
oxidant to help keep reduced proteins in a reduced state.

Protein samples in 1x LDS sample buffer (containing DTT reducing agent)
were heated to 70°C for 15 minutes and cooled on ice. The samples were then
centrifuged at 13,000 rpm for 30 seconds. The samples (containing approximately 50
ug lysate protein or 50 ng purified protein) were loaded onto the gel, a pre-stained
molecular weight marker (See Blue plus 2; Invitrogen) was also loaded into one of

the wells. The gel was run at 200V for 60 minutes.
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2.5.2 Coomassie Staining of Polyacrylamide Gel

The gel was removed from its cassette and immersed in fixing solution for
approximately 60 minutes. The gel was then immersed in Coomassie Blue staining
solution for 60 minutes which served to stain the entire gel blue. This was
subsequently destained by washing overnight in 500ml destain solution in a sealed
container at room temperature. This allowed the visualisation of protein as a blue
band on the gel, however this technique is only sensitive down to 50ng/band and

therefore other detection systems were used.

2.5.3 Silver Staining of Polyacrylamide Gel

To allow the detection of less protein in a direct method, a silver staining
protocol is used which is sensitive down to approximately 10ng/band. The gel was
removed from its cassette and immersed in 7% acetic acid for 7 minutes. The gel was
then immersed in two changes of 200ml 50% methanol for 20 minutes, followed by
two rinses in 200ml distilled water for 10 minutes. The gel was then submerged in
staining solution for 15 minutes and rinsed twice in 200ml distilled water for 5
minutes. The gel was subsequently immersed in developing solution for a maximum
of 15 minutes, or until bands become visible. The development was stopped by

rinsing the gel in 3 changes of distilled water.

2.5.4 Western Blotting

The gel was removed from the cassette and immersed in transfer buffer. The
nitrocellulose membrane that the proteins would be transferred to was washed in

transfer buffer along with two 3M bapers, cut slightly larger than the gel, and four
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foam pads. The nitrocellulose was laid on top of the gel and sandwiched between the
two 3M papers, ensuring exclusion of any air bubbles. This sandwich was placed in
the X-blot module (Invitrogen) between the four foam pads. The module was then
clamped onto the gel tank and topped up with transfer buffer. The proteins in the gel
were electro blotted on to the nitrocellulose at 30V for 90 minutes. The nitrocellulose
was then blocked overnight in 5% milk protein (Marvel) in TBST (blocking solution)
at 4°C to reduce non-specific antibody binding. The primary antibody was added at
an appropriate dilution in blocking solution and incubated at room temperature, with
gentle agitation, for 90 minutes. Antiserum was usually used at a 1:500 dilution
whereas with commercial antibodies a dilution of 1:2000 was used. The
nitrocellulose was subsequently washed 3 times in 50ml TBST to remove any
un/loosely bound antibody. The blot was then incubated for 60 minutes with a
1:2000 dilution of anti-IgG-peroxidase (specificity dependent on primary antibody)
(DAKO, Denmark) diluted 1:2,000 in blocking solution. The blots were then washed
3 times in 50ml TBST. The immune complexes were then visualised by enhanced
chemiluminescence (ECL) (Amersham, Buckinghamshire, UK). This kit operates
using an acridan-based substrate which when in close proximity to peroxidase
releases light. The position of the immune complexes were visualised by exposure of
the membrane to ECL film (Amersham), which was subsequently developed in a
Kodak automatic developer. Alternatively, in place of ECL, the immune complexes
were visualised by incubation in a solution containing 25 mM Tris-HCI, pH 7.2, 75
mM NacCl, 0.25 mg/ml diaminobenzidine (DAB), 0.1 mg/ml CoCl,, 0.15 mg/ml urea

hydrogen peroxide, which can be visualised directly.

68



Chapter 2 Materials and Methods

To assess equal loading the proteins on the blot were stained with India ink
after alkali pre-treatment, as described by Sutherland and Skerrit (1986). Briefly the
membranes were washed in TBST before incubation with 0.2M NaOH for 5 minutes.
The membrane was then submerged in 10% India ink solution for 120 minutes and

finally washed repeatedly in TBST until only the protein bands were visible.

2.5.5 Expression of Recombinant Proteins
2.5.5.1 Fermentation Method

For large scale protein production (50mg) a 100ml starter culture of E. coli
containing the expression vector was grown to an OD of 1 in LB at 37°C thus
ensuring the cells were still in the protein producing, log phase of growth. This
starter culture was spiked into 10 L LB (containing 100 pg/ml ampicillin) within the
fermentation vessel and grown at 37°C till an OD of 0.8 was reached. Recombinant
protein expression was induced by treatment with 0.1% (w/v) L-arabinose for 4 h.
The culture was continuously aerated throughout fermentation. Bacteria were
harvested by centrifugation at 6500g and were resuspended in Ni-NTA lysis buffer
containing 1.6 mg/ml of Complete® protease inhibitor cocktail (Roche), and
mechanically lysed using a French press (16,000 psi, 16°C). A clarified lysate was
prepared by centrifugation at 20,000 g for 1 h. The clarified lysate, which contained

the recombinant protein, was stored at -20°C until required.

2.5.5.2 Shake-Flask Method

For small scale protein production (Img) a 10ml starter culture of E. coli
containing the expression vector was grown overnight at 37°C in LB. The 10 ml

starter culture was spiked into 1L LB containing 100 pg/ml ampicillin and grown to
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an OD of 0.8 at 37°C. Recombinant protein expression was induced by treatment
with 0.1% (w/v) L-arabinose for 4 hrs. Bacteria were harvested by centrifugation at
6500g for 15 minutes and were lysed in CellLytic™ B-II lysis reagent containing 1.6
mg/ml of Complete® protease inhibitor cocktail (Roche), 50 mg/ml lysozyme, 5
ug/ml DNase I, 500 mM NaCl and 10 mM imidazole. Clarified lysates were prepared
by centrifugation at 20,000 g for 1 h. The clarified lysate was stored at -20°C until

required.

2.5.6 Immobilised Metal Affinity Chromatography (IMAC)

Affinity chromatography was used to allow purification of recombinant
protein via a 6 His-tag at the C-terminus of the protein. The method of choice utilised
Ni-NTA agarose (Qiagen) which uses a captured Ni ion to bind the 6 His tag of the
recombinant protein. A 5 ml Ni-NTA-agarose column was equilibrated with 10 ml of
Ni-NTA lysis buffer. Following equilibration, a 20 ml aliquot of the clarified lysate
was applied to the column. The column was then washed with 50 ml of Ni-NTA
wash buffer and eluted in 5 ml fractions each by addition of a single column volume
Ni-NTA elution buffer. The fraction containing the pure recombinant protein was
then dialysed three times in TBS, pH 7.2 (5§ L, 4°C, 24 h) and stored at 4°C prior to

use.

2.5.7 Circular Dichroism
The secondary structure of the mutant recombinant proteins were compared
to that of wild type using circular dichroism (CD) to confirm that in each case, the

mutation(s) had not affected the overall fold of the enzyme. CD spectra were
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recorded on a JASCO J-600 spectropolarimeter by using 0.5 mg/ml solutions of
protein in 20 mM potassium phosphate, pH 7.2, 130 mM sodium sulphate. Far-UV
CD spectra (260 to 200 nm) were obtained using a cylindrical quartz cell with a path
length of 0.02 cm. Spectra of the mutant proteins were directly compared with that of

the wild type to identify structural differences.

2.5.8 Antibody Production and Purification
2.5.8.1 Antibody Production

Antibodies were raised against the recombinant human PHOSPHO1 protein
and to a peptide corresponding to the C terminal region of human PHOSPHO1 [Cys
+ 225-239] with the sequence H-C-G-Y-P-M-H-R-L-I-Q-E-A-Q-K-A-E-OH, which
is identical in both human and mouse proteins. The peptide was produced and
conjugated to KLH commercially by AFFINITI Research Products Ltd, Exeter, UK
by a maleimido based coupling procedure via the N-terminal cysteine sulphydryl
moiety to afford N-terminally conjugated peptides. The recombinant protein was
prepared and purified as outlined in 2.5.5.1 and 2.5.6, which was subsequently
dialysed three times into PBS (5§ L, 4°C, 24 h).

The immunisation for the recombinant protein antibody was carried out by
the Scottish National Blood Transfusion Service, Midlothian, UK, and involved four
sequential immunisations of 100 pug recombinant protein into a New Zealand white
rabbit at monthly intervals. The first was in Freund's complete adjuvant and the final
three in Freund's incomplete adjuvant. Serum was obtained 1 week after the final

immunisation and stored at -20°C until required.
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The production of the peptide antibody was carried out by AFFINITI
Research Products Ltd. The peptide conjugates were emulsified in Freund's
incomplete and complete adjuvant and injected at multiple sites on the
hindquarters/flanks of a New Zealand white rabbit at 100 pug/mL at two week
intervals for fourteen weeks. Pre-immune serum was collected from each animal
prior to the commencement of immunisation. Serum was collected 1 week after the

final immunisation and stored at -20°C until required.

2.5.8.2 Antibody Purification

Affinity purified anti-PHOSPHO1 antibodies were prepared using
recPHOSPHO1 immobilised on nitrocellulose as an affinity matrix. The matrix was
prepared by electrophoresing 100 ug recPHOSPHO1 on a 10% preparative NuPAGE
minigel (1 mm x 2D) and transferring the protein onto a nitrocellulose membrane (as
described in 2.5.1 and 2.5.4). The PHOSPHOI1 band was visualised by in situ
derivatisation with fluorescein isothiocyanate (FITC) (Houston ef al, 1989). Briefly
the nitrocellulose membrane was immersed in a 100pg/ml solution of FITC in 100
mM sodium carbonate buffer (pH 9.5) for 5 minutes. A single orange band relating
to the recombinant protein was visible which fluoresces under UV light. The
membrane was then blocked with 5% milk protein (Marvel) in PBS overnight at 4°C.

The PHOSPHOI1 band was excised under UV light, cut into approximately 2
mm X 2 mm squares, washed several times in PBS and stored in PBS at 4°C until
required. Purified anti-PHOSPHO1 antibody was prepared by incubating the
PHOSPHOI!1 affinity matrix with 2 ml of antiserum diluted 4-fold in PBS, for 2 h at

RT. The matrix was washed extensively with PBS and the antibody eluted by
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incubation in 0.5 ml 0.2 M glycine-HCl, pH 2.5 for 20 min at RT. The purified

antibody was immediately neutralised using 1.5 M Tris-HC1 pH 8.8 and stored at 4°C

until use.

2.5.9 Protein Concentration Determination — Bradford Assay

The Bio-Rad protein assay kit used is based on the method described by
Bradford (Bradford, 1976). The Bradford protein assay is a simple procedure for
determination of protein concentrations in solutions and utilises the change in
absorbance of Coomassie Blue upon binding to protein. The Bradford protein assay
1s not sensitive to interference by chemicals in the lysis buffer, however high
concentrations of detergent do cause anomalies in results. The method employed
uses gamma-globulin as a standard. Nine standards of gamma globulin were
prepared ranging from 10 pg/mi to 90 pg/ml. 160 ul of each standard was pipetted in
duplicate into a 96 well plate along with a buffer blank. The protein that was to be
measured was diluted in the same buffer as gamma-globulin and also added to the
individual wells in duplicate. 40 pl of dye reagent concentrate (Bio-Rad, Her<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>