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Isolation and Identification of Glycosaminoglycans

Field of the Invention

The present invention relates to the isclation and identification of glycosaminoglycans
capable of binding to proteins having a heparin-binding domain, as well as to the use
of the glycosaminoglycans isolated in the growth and/or development of tissue.

Background to the Invention

Glycosaminoglycans (GAGs) are complex carbohydrate macromolecules

responsible for performing and regulating a vast number of essential celiular
functions.

GAGs have been implicated in the modulation or mediation of many signaliing
systems in concert with the many hundreds of known heparin-binding growth and
adhesive factors. It is contemplated that the association of growth factors with
GAGs modulates their varicus activities with a diverse range of actions, such as
lengthening their half-lives by protecting them from proteolytic degradation,
modulating localisation of these cytokines at the cell surface, mediating molecular
interactions and stabilising ligand-receptor complexes. A

There are an ever increasing number of identified heparin-binding growth factors,
adding to the hundreds already known, most of which were purified by heparin
affinity chromatography. They include the extensive fibroblast growth factor
(FGF) family, the PDGFs and the pleiotropins through to the TGF-B superfamily
of cytokines. This latter family of factors encompasses the osteo-inductive bone

morphogenetic protein {(BMP) subfamily, so named for their ability to induce
ectopic bone formation.

The nature and effect of the intera(':ﬁon of GAGs and growth factors remains
unclear. Although the interaction between FGF2 and particular saccharide
sequences found within heparin has been shown to be of high affinity, it remains
generally unclear whether the association between other growth factors and
heparans involves a high affinity or specific binding interaction between an amino
acid sequence epitope on the protein growth factor and a saccharide sequence
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embedded in the GAG, or whether the association is mediated by lower affinity,
non-specific interactions between the GAG and protein growth factor.

If interactions between GAGs and proteins resident in, or secreted info, the
extracellular matrix are specific, the binding partners need to be identified in order
to unravel the interactions and understand how these interactions may be used or
modulated {0 provide new treatments.

A major question that arises is, therefore, whether there are saccharide
sequences embedded in the chains of GAG molecules that match primary amino
acid sequences within the polypeptide backbone of growth factors so controlling
their assac:iatién, and so bivactivity, with absolute, or at least relative, specificity.

Summary of the Invention

We have devised a method to answer this guestion which involves enriching for
glycosaminoglycan molecules that exhibit binding to particular polypeplides having a
heparin-binding domain. Isolated GAG mixiures andfor molecules can then be
identified and tested for their ability to modulate the growth and differentiation of cells
and tissue expressing a protein contalning the heparin-binding domain, For the first
fime, this enables the conirolled analysis of the effect of particular GAG saccharide

sequences on the growth and differentiation of cells and tissue, both in vitro and in
vivo,

Accordingly, In a first aspect of the present invention a method of isclating
glycosaminoglycans capable of binding fo proteins having heparin/heparan-binding
dommains is provided, the method comprising:
{iy providing a solid support having polypeptide malecules adhered to the
support, wherain the polypeplide comprises a heparin-binding domain;
{iiy contacting the polypeptide molecules with a mixture comprising
giycosaminoglycans such that polypeptide-glycosaminoglycan complexes
are allowed to foriﬂ:
(i) partitioning polypeptide-glycosaminoglycan complexes from the
remainder of the mixture;
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(v)

v)

dissociating glycosaminoglycans from the polypeptide-glycosaminoglycan
complexes;

collecting the dissociated glycosaminoglycans.

In another aspect of the present invention isclated glycosaminoglycans are identified
by their ability to modulate the growth or differentiation of cells or tissues. A method
of identifying glycosaminoglycans capable of stimulating or inhibiting the growth
and/or differentiation of cells and/or fissues is provided, the methad comprising:

()

(i)

(i)

(iv)

v)
(vi)

providing a solid support having polypeptide molecules adhered {o the
support, wherein the polypeptide comprises a heparin-binding domain;
contacting the polypeptide molecules with a mixture comprising
glycosaminoglycans such that polypeptide-glycosaminoglycan complexes
are allowed to form;

partitioning polypeptide-glycosaminoglycan complexes from the
remainder of the mixture;

dissociating glycosaminoglycans from the polypeptide-glycosaminoglycan
complexes;

collecting the dissociated glycosaminoglycans;

adding the collected glycosaminoglycans to cells or tissues in which a
protein containing the amino acid sequence of the heparin-binding domain
is present;

measuring one or more of: proliferation of the cells, differentiation of the
cells, expression of one or more protein markers.

In embodiments of the present invention the mixture comprising GAGs may contain

synthetic glycosaminoglycans. However, in preferred embodiments GAGs obtained

from cells or fissues are used. For example, the mixture may contain extracellutar

matrix wherein the extraceliular matrix material is obtained by scraping live tissue in

situ (i.e. directly from the tissue in the body of the human or animal from which it is
obtained) or by scraping tissue (live or dead) that has been extracted from the body
of the human or animal. Alternatively, the extracellular matrix material may be
obtained from cells grown in culture. The extracellular matrix material may be

obtained from connective tissue or connective tissue cells, e.g. bone, cartilage,

muscle, fat, ligament or tendon.
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The GAG component may be exiracted from a tissue or cell sample or extract by a

series of routine separation steps (e.g. anion exchange chromatography), well known
to those of skill in the art.

GAG mixtures may contain a mixture of different types of glycosaminoglycan, which
may include dextran suiphates, chendroitin sulphates and heparan suiphates. In
preferred embodiments the GAG mixture contactéd with the solid support has been
enriched for one of these types of glycosaminoglycan, most preferably for heparan
sulphate. A heparan sulphate-, chondroitin sulphate- or dextran suiphate-enriched
GAG fraction may be obtained by performing column chromatography on the GAG
mixture, e.g. weak, medium or strong anion exchange chromatography, as well as

strong high pressure liquid chromatography (SAX-HPLC), with selection of the
appropriate fraction.

The collected GAGs may be subjected to further analysis in order to identify the
GAG, e.g. determine GAG composition or sequence, or determine structural
characteristics of the GAG, GAG structure is typically highly complex, and, taking
account of currently' available analytical techniques, exact determinations of GAG
sequence structure are not possible in most cases.

However, the collected GAG molecules may be subjected {o partial or complete
saccharide digestion {(e.g. chemically by nitrous acid or enzymatically with lyases
such as heparinase lil) to yield saccharide fragments that are both characteristic and
diagnostic of the GAG. In particular, digestion to yield disaccharides (or
tetrasaccharides) may be used to measure the percentage of each disaccharide
obtained which will provide a characteristic disaccharide "fingerprint” of the GAG.

The pattern of sulphation of the GAG can also be determined and used fo determine
GAG structure. For example, for heparan sulphate the pattern of sulphation at amino

sugars and at the C2, C3 and CB positions may be used to characterise the heparan
sulphate.

Disaccharide analysis, tetrasaccharide analysis and analysis of suphation can be
used in conjunction with other analytical techniques such as HPLC, mass
spectromeiry and NMR which can each provide unigue spectra for the GAG. in

combination, these techniques may provide a definitive structural characterisation of



10

16

20

25

30

35

the GAG.

A high affinity binding interaction between the GAG and heparin-binding domain
indicates that the GAG will contain a specific saccharide sequence that contributes to
the high affinity binding interaction. A further step may comprise determination of the
complete or partial saccharide sequence of the GAG, or the key portion of the GAG,
involved inv the binding interaction.

In one embodiment, GAG-polypeptide complexes may be subjected to treatment with
an agent that lyses glycosaminoglycan chains, e.g. a lyase. Lyase treatment may
cleave portions of the bound GAG that are not taking part in the binding interaction
with the polypeptide. Portions of the GAG that are taking part in the binding
interaction with the polypeptide may be protected from Iyase action. After removal of
the lyase, e.g. following a washing step, the GAG molecule that remains bound to the
polypeptide represents the specific binding partner ("GAG ligand”) of the polypeptide.
Owing to the lower complexity of shorter GAG molecules, following dissociation and
collection of the GAG ligand, a higher degree of structural characterisation of the
GAG ligand can be expected. For example, the combination of any of the saccharide
sequence (i.e. the primary (linear) sequence of monosaccharides contained in the
GAG ligand), sulphation pattern, disaccharide and/or tetrasaccharide digestion
analysis, NMR spectra, mass spectrometry spectra and HPLC spectra may provide a
high level of structural characterisation of the GAG ligand.

in one aspect of the present invention a GAG is provided having high binding affinity
for BMP2. More preferably the GAGis a 'heparan sulphate (HS). The HS was
isolated from a GAG mixture obtained from the extracellular matrix of osteoblasis by
following the methodology of the present invention in which a polypeptide comprising
the heparin-binding domain of BMP2 (SEQ ID NQO:1) was attached {o a solid support
and GAG-polypeptide complexes were allowed to form. Dissociation of the GAG
component from the GAG-polypeptide complexes led to isolation of a unique HS
herein called “HS/BMP2".

Accordingly, in one aspect of the present invention H3/BMP2 is provided. HS/BMP2
may be provided in isolated or purified form. [n another aspect culiure media
comprising HS/BMP2 is provided.
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In yet another aspect of the present inventicn a pharmaceutical composition or
medicament comprising HS/BMP2 is provided, optionally in combination with a
pharmaceutically acceptable carrier, adjuvant or diluent. In some embodiments
pharmaceutical compositions or medicaments may further comprise BMP2 protein.
Pharmaceutical compositions or medicaments comprising HS/BMP2 are provided for
use in the prevention or freatment of injury or disease. The use of HS/BMP2 in the
manufacture of a medicament for the prevention or treatment of injury or disease is
also provided.

In a further aspect of the present invention, a method of preventing or treating injury
or disease in a patient in need of treatment thereof is provided, the method
comprising administering an effective amount of HS/BMP2 o the patient. The
administered HS/BMP2 may be formulated in a suitable pharmaceutical composition
or medicament and may further comprise a pharmaceutically acceptable carrier,
adjuvant or diluent. Cpticnally, the pharmaceutical composition or medicament may
also comprise BMP2 protein.

In another aspect of the present invention a method of promoting or inhibiting
osteogenesis (the formation of bone cells and/or bone tissue) is provided comprising
administering HS/BMP2 to bone precursor cells or bone stem celis.

in another aspect of the present invention a method of promoting or inhibiting the
formation of cartilage tissue (chondregenesis) is provided, comprising administering
HS/BMP2 to cartilage precursor cells or cartilage stem cells.

The methods of stimulating or inhibiting osteogenesis or formation of cartilage tissue
may be conducted /n vifro by contacting bone or cartilage precursor or stem cells with
HS/BMP2, optionally in the presence of exoegenously added BMP2 protein. The
precurser cells or stem cells may be mesenchymal stem cells. Where tissue
formation is promoted, the tissue formed may be collected and used for implantation
into a human or anirmal patient.

Accordingly, in one aspect of the present invention, connective tissue is provided
wherein the connective tissue is obtained by in vifro culture of mesenchymal stem
cells in the presence of HS/BMPZ (i.e. exogenous HS/BMP2), and optionally in the
presence of BMP2 (i.e. exogenous BMP2). The connecfive fissue may be bone,
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cartilage, muscle, fat, ligament or tendon.

The prevention or treatment of disease using HS/BMP2 may involve the repair,
regeneration or replacement of tissue, pariicularly connective tissue such as bone,
cartilage, muscle, fat, ligament or tendon. '

in patients having a deterioration of one of these tissues, administration of HS/BMP2
to the site of deterioration may be used to stimulate the growth, proliferation and/or
differentiation of tissue at that site. For example, stimulation of mesenchymal stem
cells present at, or near to, the site of administration may lead, preferably when
BMP2 is also present at the site, fo the proliferation and differentiation of the
mesenchymal stem cells into the appropriate connective tissue, thereby providing for
replacement/regeneration of the damaged tissue and treatment of the injury.

Alternatively, connective tissue obtained from in vitro cdlture of mesenchymal stem
cells in contact with HS/BMP2 may be collected and implanted at the site of injury or
disease to replace damaged or deteriorated tissue. The damaged or deteriorated

tissue may optionally first be excised from the site of injury or disease.

in another aspect, a pharmaceutical composition may be provided containing stem
cells, preferably mesenchymal stem cells, and HS/BMP2. Administration, e.g.
injection, of the composition at the site of injury, disease or deterioration provides for
the regeneration of tissue at the site,

Accordingly, HS/BMP2 is useful in wound healing in vive, including tissue repair,
regeneration and/or replacement (e.g. healing of scar fissue or a broken bone)
effected by direct application of HS/BMP2, optionally in combination with BMP2
and/or stem cells, to the patient requiring treatment. HS/BMP2 is also useful in the /in
vitro generation of tissue suitable for implantation into a patient in need of tissue
repair, regeneration and/or replacement.

Description of Preferred Embodiments
The present invention relates to GAGs, and especially to methods of enriching

mixtures of compounds containing one or more GAGs that bind to a polypeptide
corresponding to the heparin-binding domain of a protein that binds heparin/heparan
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(a “heparin-binding factor”). Enrichment leads to isolation of GAGs, whether as a
mixture containing different GAGs or a population of GAGs that are structuraily or
functionally identical (or substantially identical). The enriched mixture preferably has
a modulating effect on the heparin-binding factor.

The present invention also relates to mixtures of compounds enriched with cne or
more GAGs which possess a modulating effect on a heparin/heparan-binding factor,
and methods of using such mixtures.

The present invention also relates to GAG molecules which potentiate {e.g. agonize)
the activity of BMP-2 and hence its ability to stimulate stem cell proliferation and
bone formation.

As used herein, the terms 'enriching', 'enrichment’, ‘enriched’, etc. describes a
process (or state) whereby the relative composition of a mixture is (or has been)
altered in such a way that the fraction of that mixture given by one or more of those
entities is increased, while the fraction of that mixiure given by one or more different
entities is decreased.

GAGs isolated by enrichment may be pure, i.e. contain substantially only one type of
GAG, or may continue to be a mixture of different types of GAG, the mixture having a
higher proportion of particular GAGs that bind to the heparin-binding domain relative

{o the starting mixiure.

GAGs identified by the present invention are preferably GAGs that exhibit a
functional effect when contacted with cells or tissue in which a protein containing the
heparin-binding domain is expressed or contained. The functional effect may be a
modulating or potentiating effect.

The functional effect may be to promote (stimulate) or inhibit the proliferation of the
cells of a certain type or the differentiation of one cell type into another, or the
expression of one or more protein markers. For example, the GAGs may promote
cell proliferation, i.e. an increase in cell number, or promote differentiation of stem
cells into specialised cell types (e.g. mesenchymal stem cells in connective tissue),
promote or inhibit the expression of protein markers indicative of the multipotency or

differentiation state of the cells (e.g. markers such as alkaline phosphatase acivity,
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detection of RUNX2, osterix, collagen |, I, IV, VI|, X, osteopontin, Osteocalcin, BSPI,
SOX8, Aggrecan, ALBP, CCAAT/enhancer binding protein-a (C/EBPaq), adipocyte
lipid binding protein (ALBP), alkaline phosphatise (ALP), bone sialoprotein 2, (BSPI),
Collagen2a1 (Cell2a) and SOX8).

As used herein, the term 'modulating effect’ is understood to mean the effect that a
first entity has on a second entity wherein the second entity's normal function in
another process or processes is modified by the presence of the first entity. Ina
preferred embodiment of the present invention, the modulating effect may be either
agonistic or antagonistic.

The modulating effect may be a potentiating effect. The term 'potentiating effect’ is
understood to mean the effect of increasing potency. In a prefetred embodiment of
the present invention, the term 'potentiating effect’ refers to the effect that a first entity
has on a second entity, which effect increases the potency of that second entity in
another process or processes. In a further preferred embodiment of the present '
invention, the potentiating effect is understood to mean the effect of isolated GAGs
on a heparin-binding factor, wherein the said effect increases the potency of said
heparin-binding factor.

In a preferred embodiment of the present invention, the potentiating effect is an
increase in bioavailability of the heparin-binding factor. In a preferred embodiment of
the present invention, the potentiating effect is an increase in bioavailability of BMP2.
One method of measuring an increase in bicavailability of the heparin-binding factor
is through determining an increase in local concentration of the heparin-binding
factor.

In another emboediment of the present invention, the potentiating effect is to protect
the heparin-binding factor from degradation. In an especially preferred embodiment
of the present invention, the potentiating effect is to protect BMP-2 from degradation.
One method of determining a decrease in the degradation of the heparin-binding
factor is through measuring an increase in the half-life of the heparin-binding factor.

In ancther embodiment of the present invention, the potentiating effect is to
sequester heparin-binding factors away from cellular receptors. In another
embodiment of the present invention, the potentiating effect is to stabilise the ligand-
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receptor interaction.

The potentiating effect (e.g. modulation of growth or differentiation) may be
determined by use of appropriate assays. For example, the effect that an HS has on
the stability of BMP-2 may be determined by ELISA. The effect that an HS has on
the activity of BMP-2 may be determined by measuring the activation/expression of
one or more of SMAD 1, 5 or 8, or measuring the expression of one or more
osteogenic marker genes such as Runx2, alkaline phosphatase, Osterix, Osteocaicin
and BSP1, or measuring the levels of mineralization using staining such as Alizarin
Red and von Kossa.

As used herein, the process of 'contacting’ involves the bringing into close physical
proximity of two or more discrete entities. The process of 'contacting’ involves the
bringing into close proximity of two or more discrete entities for a time, and under
conditions, sufficient to allow a portion of those two or more discrete entities o
interact on a molecular level. Preferably, as used herein, the process of ‘contacting'
involves the bringing into close proximity of the mixture of compounds possessing
one or more GAGSs and the polypeptide corresponding to the heparin-binding domain
of a heparin-binding factor. Examples of 'contacting' processes include mixing,
dissolving, swelling, washing. In preferred embodiments ‘contact’ of the GAG
mixture and polypeptide is sufficient for complexes, which may be covalent bui are
preferably non-covalent, to form between GAGs and polypeptides that exhibit high
affinity for each other.

The polypeptide may comprise the full length or near full length primary amino acid
sequence of a selected protein having a heparin-binding domain. Due fo folding that
may occur in longer polypeptides leading to possible masking of the heparin-binding
domain from the GAG mixture, it is preferred for the polypeptide to be short.
Preferably, the polypeptide will have an amino acid sequence that includes the
heparin-binding domain and optionally including one or more amino acids at one or
each of the N- and C- terminals of the peptides. These additional peptides may
enable the addition of linker or attachment molecules to the polypeptide that are
required to attach the polypeptide to the solid support.

In preferred embodiments in addition to the number of aming acids in the heparin-
binding domain the polypeptide contains 1-20, more preferably 1-10, still more
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preferably 1-5 additional amino acids. In some embodimenis the amino acid
sequence of the heparin-binding domain accounts for at least 80% of the amino acids
of the polypeptide, more preferably at least 90%, still more preferably at least 95%.

In order fo adhere polypeptides to the surface of a solid support the polypeptides are
preferably modified to include a molecular tag, and the surface of the solid support is
modified to incorporate a corresponding molecular probe having high affinity for the
molecular tag, i.e. the meolecular tag and probe form a binding pair. In preferred
embodiments the tag and/or probe is chosen from any one of: an antibody, a cell
receptor, a ligand, biotin, any fragment or derivative of these structures, any
combination of the foregaing, or any other structure with which a probe can be
designed or configured to bind or otherwise associate with specificity. A preferred
binding pair suitable for use as tag and probe is biotin and avidin.

The polypeplide is preferably derived from a protein of interest. By "derived from” is
meant that the polypeptide is chosen, selected or prepared because it contains the
amino acid sequence of a heparin-binding domain that is present in a protein of
nferest. In some embodiments, the amino acid sequence of the heparin-binding
domain may be modified from that appearing in the protein of interest, e.q. to
investigate the effect of changes in the heparin-binding domain sequence on GAG
binding.

The protein of interest may be any protein that binds heparin, and therefore has a
heparin-binding domain. Preferred proteins include those expressed in the
extraceliular matrix, in particular in the extrécei!ular matrix of connective tissue (e.q.
bone, cartilage, muscle, tendons, ligaments, faf).

Praferred proteing and their heparin-binding domains are set out below:

Protein Amino acid sequence of heparin-binding domain SEQ
D

NO.
BMP2 QAKHKQRKRLKSSCKRHP 1
BMP4 SPKHHSQRARKKNKNCRRH 2
FGF2 TYRSRIKYTSWYVALKRTGQYKLGSKTGPGQK 3
SHH GKRRHPKKLTPLAYKQ 4
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VEGF 189 KCECRPKKDRARQEKKSVRGKGKGQKRKRKKSRYKSWS | 5
FGFR1 APYWTSPEKMEKKLHAVPAAKTVK 6
VITRONECTIN | RPSLAKKQRFRHRNRKGYRSQRGHSRGRNQNSRR 7
PDGF B RVRRPPKGKHRKFKHTH 8
HB-EGF HGKRKKKGKGLGKKRDPCLRKYK 9
FGFR3 APYWTRPERMDKKLLAVPAANTVR 10
FIBRONECTIN | TLENVSPPRRARYV 11
LAMININ RYVVLPRPVCFEKGMNYTVR 12
N-CAM IWKHKGRDVILKKDVRFI 13

it is understood by those skilled in the art that small variations in the amino acid
sequence of g particular polypeptide may allow the inherent functionality of that
pottion to be maintained. it is also understood that the substitution of certain amino
acid residues within a peptide with other amino acid residues that are isosteric andfor
isoelectronic may either maintain or improve certain properties of the unsubstituted
peptide. These variations are also encompassed within the scope of the present
invention. For example, the amino acid alanine may sometimes be substituted for the
amine acid gl\}cine (and vice versa) whilst maintaining one or more of the properties
of the peptide. The term 'isosteric’ refers to a spatial similarity between two entities. ‘
Two examples of moieties that are isosteric at moderately elevated temperatures are
the iso-propy! and tert-butyl groups. The term ‘isoelectronic’ refers to an electronic
similarity between fwo entities, an example being the case where two entities
possess a functionality of the same, or similar, pKa.

In embodiments of the present invention, the polypeptide corresponding to the
heparin-binding domain may be synthetic or recombinant.

The solid support may be any substrate having a surface to which molecules may be
attached, directly or indirectly, through either covalent or non-covalent bonds. The
solid support may include any substrate material that is capable of providing physical
support for the probes that are attached to the surface. It may be a matrix support.
The materiat is generally capable of enduring conditions related to the attachment of
the probes to the surface and any subsequent treatment, handling, or processing
encountered during the performance of an assay. The materials may be naturally

oceurring, synthetic, or a modification of a naturally ocecurring material. The solid
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support may be a plastics material (including polymers such as, e.g., poly{vinyl
chioride), cyclo-olefin copolymers, polyacrylamide, polyacrylate, polyethylene,
polypropylene, poly(4-methylbuiene}, polystyfene, polymethacrylate, poly(ethylene
terephthalate), polytetrafiuoroethylene (PTFE or Teflon®), nylon, poly(vinyl butyrate}),
etc., either used by themselves or in conjunction with other materials. Additional rigid
materials may be considered, such as glass, which includes silica and further
includes, for example, glass that is available as Bioglass. Gther materials that may
be employed include porous materials, such as, for example, conirolled pore glass
beads, Any other materials known in the art that are capable of having one or more
functional groups, such as any of an amino, carboxyl, thiol, or hydroxyl functional
group, for example, incorporated on its surface, are also confemplated.

Preferred solid supports include columns having a polypeptide immobilized on a
surface of the column. The surface may be a wall of the column, and/or may be

provided by beads packed into the central space of the column.

The polypeptide may be immobilised on the solid support. Examples of methods of
immobilisation encompassed within the scope of the present invention include:
adsorption, covalent binding, entrapment and membrane confinement. in a preferred
embodiment of the present invention the interaction between the pelypeptide and the
matrix is substantiaily permanent. In a further preferred embodiment of the present
invention, the interaction between the peptide and the matrix is suitably inert to ion-
exchange chromatography. In a preferred embodiment, the polypeptide is attached fo
the surface of the sclid support. It is understood that a person skilled in the art would
have a large array of options {o choose from to chemically andfor physically atiach
two entities to each other. These oplions are all encompassed within the scope of the
present invention. In a preferred embodiment of the present invention, the
polypeptide is adsarbed to a solid support through the interaction of biotin with
streptavidin. In a representative example of this particular embodiment, a molecule of
biotin is bonded covalently to the polypeptide, whereupon the biotin-polypeptide
conjugate binds to streptavidin, which in turn has been covalently bonded to a solid
support. In another embodiment of the present invention, a spacer or linker moiety
may be used o connect the molecule of biotin with the polypeptide, and/or the
streptavidin with the matrix.
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By contacting the GAG mixture with the solid support GAG-polypeptide complexes
are allowed to form. These are partitioned from the remainder of the mixture by
removing the remainder of the mixture from the solid support, e.g. by washing the
solid support to elute non-bound materials. VWhere a cofumn is used as the solid
support non-binding components of the GAG mixture can be eluted from the column

leaving the GAG-polypeptide complexes bound to the column.

In the present invention, it is understood that certain oligosaccharides may interact in
a non-specific manner with the polypeptide. In certain embodiments, oligosaccharide
which interacts with the polypeptide in a non-specific manner may be included in, or
excluded from the mixture of compounds enriched with one or more GAGs that
modulate the effect of a heparin-binding factor. An example of a non-specific
interaction is the temporary confinement within a pocket of a suitably sized and/or
shaped molecule. Further it is understood that these oligosaccharides may elute
more slowly than those oligosaccharides that display no interaction with the peptide
at all. Furthermore it is understood that the compounds that bind non-specifically may
not require the input of the same external stimulus to make them elute as for those
compounds that bind in a specific manner (for example through an ionic interaction).
The present invention is capable of separating a mixture of oligosaccharides into
those components of that mixture that: bindin a speciﬂc manner to the polypeptide;
those that bind in a non-specific manner to the polypeptide; and those that do not
bind to the polypeptide, These designations are defined operationally for each GAG-
peptide pair. '

By varying the conditions (e.g. salt concentration) present at the surface of the solid
support where binding of the GAG and polypeptide occurs those GAGs having the
highest affinity and/or specificity for the heparin-binding domain can be selected.

GAGs may accordingly be obtained that have a high binding affinity for a protein of
interest and/or the heparin-binding domain of the protein of interest. The binding
affinity (K4} may be chosen from one of: less than 10uM, less than 1uM, less than
100nM, less than 10nM, less than 1nM, less than 100pM.

GAGs obtained by the metheds of the invention may be useful in a range of
applications, in vitro and/or in vive. The GAGs may be provided for use in stimulation
or inhibition of cell or tissue growth and/or proliferation and/or differentiation either in
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celf or tissue culture in vifro, or in cells or tissue in vivo.

The GAGs may be provided as a formulation for such purposes. For example,

culture media may be provided comprising a GAG obtained by the method of the
present invention.

Cells or tissues obtained from in vitro cell or tissue culture in the presence of GAGs
obtained by the method of the present invention may be collected and implanted into
a human or animal patient in need of treatment. A method of implantation of cells
and/or tissues may therefore be provided, the method comprising the steps of:
(a) culturing cells and/or tissues in vifro in contact with GAGs obtained by
the method of the present invention;
{b} collecting the cells and/or tissues;
(c) implanting the cells and/or tissues into a human or animai subject in
need of treatment.
The cells may be cultured in part {a) in contact with the GAGs for a period of time
sufficient {o allow growth, proliferation or differentiation of the cells or tissues. For
example, the period of time may be chosen from: at least 5 days, at least 10 days, at
least 20 days, at least 30 days or at least 40 days.

in another embodiment the GAGs may be formulated for use in a method of medical
treatment, including the prevention or freatment of injury or disease. A
pharmaceutical composition or medicament may be provided comprising the GAGs
and a pharmaceutically acceptable difuent, carrier or adjuvant. Such pharmaceutical
compositions or medicaments may be provided for the prevention or treatment of
injury or disease. The use of a GAG obtained by the method of the present invention
in the manufacture of a medicament for the prevention or treatment of injury or
disease is also provided. Optionally, pharmaceutical compositions and medicaments
according to the present invention may also contain the protein of interest having the
heparin-binding domain to which the GAG binds. In further embodiments the
pharmaceutical compositions and medicaments may further comprise stem cells, e.g.
mesenchymal stem cells. ‘

Treatment of injury or disease may comprise the repair, regeneration or replacement
of cells or tissue, such as connective tissue (e.g. bone, cartilage, muscle, fat, tendon
or ligament). For the repair of tissue, the pharmaceutical composition or medicament
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comprising the GAG may be administered directly to the site of injury or disease in
order to stimulate the growth, proliferation and/or differentiation of new tissue to
effect a repair of the injury or {o cure or alhleviate (e.g. provide relief to the symptoms
of) the disease condition. The repair or regeneration of the tissue may be improved
by combining stem cells in the pharmaceutical composition or medicament.

For the replacement of tissue, GAGs may be contacted with cells and/or tissue
during jn vitro culture of the cells and/or tissue in order to generate celis and/or tissue
for implantation at the site of injury or disease in the patient. implantation of cells or
tissue can be used to effect a repair of the injured or diseased tissue in the patient by
replacement of the injured or diseased tissue. This may involve excision of
injured/diseased tissue and implantation of new tissue prepared by culture of cells
andfor tissue in contact with a GAG obtfained by the method of the present invention.

Pharmaceutical compositions and medicaments according o the present invention
may therefore comprise one of:
(a) GAGs obtained by the method of the invention;
{(b) GAGs obtained by the method of the invention in combination with stem cells;
(c) GAGs obtained by the method of the invention in combination with a protein
containing the heparin-binding domain bound by the GAG;
(d) GAGs obtained by the method of the invention in combination with stem celis
and a protein containing the heparin-binding domain bound by the GAG;
(e} Tissues or cells obtained from culture of cells or tissues in contact with GAGs
obtained by the method of the invention.

GAGs isolated according to the method of the present invention may be used in the
repair or regeneration of bodily tissue, especially bone regeneration, neural
regeneration, skeletal tissue construction, the repair of cardic-vascular injuries and
the expansion and self-renewal of embryonic and adult stem celis. Accordingly, the
GAGs may be used to prevent or freat a wide range of diseases and injuries,
including osteocarthritis, cartilage replacement, broken bones of any kind (e.g. spinal
disc fusion treatments, long bone breaks, cranial defects), critical or non-union bone
defect regeneration.

The use of GAGs according to the present invention in the repair, regeneration or

replacement of tissue may involve use in wound healing, .9. acceleration of wound
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healing, healing of scar or bone fissue and fissue grafting.

In another aspect, the present invention provides a biological scaffold comprising
GAGs isolated by the method of the preseni invention. in some embodiments, the
biological scaffolds of the present invention may be used in orthopaedic, vascular,
prosthelic, skin and corneal applications. The biclogical scaffolds provided by the
present invention include extended-release drug delivery devices, tissue valves,
tissue valve leaflets, drug-elufing stents, vascular grafts, wound healing or skin grafts
and orthopaedic prostheses such as bone, ligament, tendon, cartilage and muscle. In
a preferred embodiment of the present invention, the biolegical scaffold is a catheter

wherein the inner {and/or outer) surface comprises one or more GAG compounds
attached o the catheter.

In another aspect, the present invenfion provides one or more GAGs isolated by the
method of the present invention for use as an adjuvant. In an especially preferred
aspect of the present invention, the adjuvant is an immune adjuvant.

in another aspect, the present invention provides pharmaceutically acceptable
formulations comprising a mixture of compounds comprising one or more GAGS, said
mixiure being enriched with respect to GAGs that modulate a heparin-binding factor.
i another aspect, the invention provides pharmaceutically acceptable formulations
COmprising:

{i) a rixture of compounds comprising one or more GAGS, said mixiure
being enriched with respect to GAGs that modulate a heparin-binding
factor; and

(i} the heparin-binding factor,

for separate, simultansous or sequential administration. In a preferred embodiment
the formulation comprises the mixture of compounds comprising one or more GAGs,
said mixture being enriched with respect to GAGs that modulate a heparin-binding
factor and the heparin-binding factor in intimate admixture, and is administered
simultansously to a patient in need of treatment. In a further embodiment of the
invention, the formulation comprises the mixture of compounds comprising one or
more GAGS, said mixture being enriched with respect to GAGs that modulate BMP-2
and BMP-2 in intimate admixture, and is administered simuftaneously to a patient in
need of treatment,
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in another aspect of the present invention a kit is provided for use in the repair, or
regeneration of tissue, said kit comprising (i} a predetermined amount of a GAG
having high affinity for a protein having a hepaﬁn-binding domain, and (ii) a
predetermined amount of the protein having said heparin-binding domain.

In preferred embodiments the GAG is HS/BMP2 and the protein having the heparin-
binding domain is BMP2.

The compounds of the enriched mixtures of the present invention can be
administered to a subject as a pharmaceutically acceptable salt thereof. For
example, base saits of the compounds of the enriched mixtures of the present
invention include, but are not limited to, those formed with pharmaceutically
acceptable cations, such as sodium, potassium, lithium, calcium, magnesium,
ammonium and alkylammonium. The present invention includes within its scope
cationic salts, for example the sodium or potassium salis.

it will be appreciated that the compounds of the enriched mixiures of the present
invention which bear a carboxylic acid group may be delivered in the form of an
administrable prodrug, wherein the acid moiety is esterified (to have the form -
CO2RY. The term “pro-drug” specifically relates to the conversion of the —OR' group
to a —OH group, or carboxylate anion therefrom, in vivo. Accordingly, the prodrugs of
the present invention may act o enhance drug adsorption and/or drug delivery into
cells. The in vivo conversion of the prodrug may be facilitated either by cellular
enzymes such as lipases and esterases or by chemical cleavage such as in vivo
ester hydrolysis.

Medicaments and pharmaceutical compositions according to aspects of the present
invention may be formulated for administration by a number of routes, including but
not limited to, injection at the site of disease or injury. The medicaments and
compositions may be formulated in fluid or solid form. Fluid formulations may be
formulated for administration by injection to a selected region of the human or animal
hody.

Administration is preferably in a "therapeutically effective amount”, this being
sufficient to show benefit to the individual. The actuai amount administered, and rate
and time-course of administration, will depend on the nature and severity of the injury
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or disease being treated. Prescription of tfreatment, e.g. decisions on dosage etc, is
within the responsibility of general practitioners and other medical doctors, and
typically takes account of the disorder to be treated, the condition of the individual
patient, the site of delivery, the method of administration and other factors known fo
practitioners. Examples of the technigues and protocols mentioned above can be
found in Remington’s Pharmaceutical Sciences, 20th Edition, 2000, pub. Lippincoit,
Williams & Wilkins.

In this specification a patient to be treated may be any animal or human. The patient
may be a non-human mammal, but is more preferably a human patient. The patient
may be male or female.

Methods according to the present invention may be performed in vitro or in vivo, as
indicated. The term “in vitro” is intended to encompass procedures with cells in
culture whereas the term “in vivo” is intended to encompass procedures with intact
multi-cellular organisms.

Stem cells -

Cells contacted with GAGs obtained by the method of the present invention include
stem cells.

The stem cells cultured and described herein may be stem cells of any kind. They
may be totipotent or multipotent (pluripotent). They may be embryonic or adult stem
cells from any tissue and may be hematopoietic stem cells, neural stem cells or
mesenchymal stem cells. Preferably they are aduit stem cells. More preferably they
are adult mesenchymal stem cells, e.g. capable of differentiation into connective
tissue andfor bone cells such as chondrocytes, osteoblasts, myocyies and
adipocytes. Thée stem cells may be obtained from any animal or human, e.g. non-
human animals, e.g. rabbit, guinea pig, rat, mouse or other rodent {including cells
from any animal in the order Rodentia), cat, dog, pig, sheep, goat, cattle, horse, non-
human primate or other non-human vertebrate organism; and/or non-human
mammalian animals; and/or human. Optionally they are non-human.

In this specification, by stem cell is meant any cell type that has the ability to divide
(i.e. self-renew) and remain totipotent or multipotent (pluripotent) and give rise to
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specialized cells if so desired.

Stem cells cultured in the present invention may be obtained or derived from existing
cultures or directly from any adult, embryonic or fetal tissue, including blood, bone
marrow, skin, epitheliz or umbilical cord (a tissue that is normally discarded).

The multipotency of stem cells may be determined by use of suitable assays. Such
assays may comprise detecting one or more markers of pluripotency, e.g. alkaline
phosphatase activity, detection of RUNXZ2, osterix, collagen i, I, IV, Vii, X,
osteopontin, Osteocalcin, BSPiI, SOX9, Aggrecan, ALBP, CCAAT/enhancer binding
protein-a (C/EBPq), adipocyte lipid binding protein (ALBP}, alkaline phosphatise
{ALP}, bone sialoprotein 2, (BSP1H}, Collagen2at {(Coll2a) and SOX9.

Mesenchymal stem cells or human bone marrow stromal stem cells are defined as
pluripotent {multipotent) progenitor cells with the ability to generate cartilage, bene,
muscle, tendon, ligament and fat. These primitive progenitors exist postnatally and
exhibit stem celt characleristics, namely low incidence and extensive renewal
potential, These properties in combination with their developmental plasticity have
generated fremendous interast in the potential use of mesenchymal stem cells to
replace damaged tissues. In essence mesenchymal stem cells could be cultured to
expand their numbers then transplanted to the injured site or after seeding infon

scaffolds to generate appropriate tissue constructs.

Thus, an alternative approach for skeletal, muscular, tendon and ligament repair is
the selection, expansion and modulation of the appropriate progenitor cells such as
osteoprogenitor cells in the case of bone in combination with a conductive or
inductive scaffolds to support and guide regeneration together with judicious
selection of specific tissue growth factors.

Human hone marrow mesenchymal stem cells can be isolated and detected using
selective markers, such as STRO-I, from a CD34+ fraction indicating their potential
for marrow repopulation. These cell surface markers are only found on the cell

surface of mesenchymal stem cells and are an indication of the cells pluripoiency.

In yet a further aspect of the present invention, a pharmaceutical composition
comprising stem cells generated by any of the methods of the present invention, or
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fragments or products thereof, is provided. The pharmaceutical composition useful in
a method of medical treatment. Suitable pharmaceutical compositions may furiher
comprise a pharmaceutically acceptable carrier, adjuvant or diluent.

In another aspect of the present invention, stem cells generated by any of the
methods of the present invention may be used in a method of medical freatment,
preferably, a method of medical treatment is provided comprising administering to an
individual in need of treatment a therapeutically effective amount of said medicament
or pharmaceutical composition,

Stem cells obtained through culiure methods and techniques according to this
invention may be used to differentiate into another cell type for use in a method of
medical treatment. Thus, the differentiated cell type may be derived from, and may
be considered as a product of, a stem cell obtained by the culture methods and
techniques described which has subsequently been permitted to differentiate.
Pharmaceutical compositions may be provided comprising such differentiated cells,
optionally together with a pharmaceutically acceptable carrier, adjuvant or diluent.

Such pharmaceutical composition may be useful in a method of medical treatment.
Glycosaminglycans

As used herein, the terms 'glycosaminoglycan’ and 'GAG' are used interchangeably
and are understood to refer to the large collection of molecules comprising an
ofigosaccharide, wherein one or more of those conjoined saccharides possess an
amino substituent, or a derivative thereof. Examples of GAGs are chondroitin sulfate,
keratin sulfate, heparin, dermatan sulfate, hyaluronate and heparan suifate. Heparan
sulfates are preferred embodiments of the present invention.

As used herein, the term ‘GAG' aiso extends to encompass those molecules that are
GAG conjugates. An example of a GAG conjugate is a protecglycesaminoglycan
(PGAG, proteoglycan) wherein a peptidic component is covalently bound o an
oligosaccharide component,

in the present invention, it is understood that there are a large number of sources of
GAG compounds including natural, synthetic or semi-synthetic. A preferred source of
GAGs is biological tissue. A preferred source of GAGs is a stem cell. An especially
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preferred source of GAGs Is a stem cell capable of differentiating into a cell that
corresponds to a tissue that will be the subject of treatment. For example, GAGs can
be sourced from preosteoblasts for use in bone regeneration or skeletal tissue
construction. In an especially preferred embadiment of the present invention, GAGs
may be sourced from an immortalised cell line. In a further preferred embodiment of
the present invention, GAGs may be sourced from an immortalised cell line which is
grown in a bioreactor. Another preferred source of GAGs is a synthetic source. In this
respect, GAGs may be obtained from the synthetic elaboration of commercialty
available starting materials into more complicated chemical form through techniques
known, or conceivable, to one skilled in the art. An example of such a commerciaily
available starting material is glucosamine. Another preferred source of GAGs is a
semi-synthetic source. In this respect, synthetic elaboration of a natural starting
material, which possesses much of the complexity of the desired material, is
elaborated synthetically using techniques known, or conceivable, to one skilled in the
art. Examples of such a natural starting material are chitin and dextran, and
examples of the types of synthetic steps that may elaborate that starting material,
into a GAG mixture suitable for use in the present invention, are amide bond
hydrolysis, oxidation and sulfation. Another example of a semi-synthetic route to
GAGs of the desired structure comprises the synthetic interconversion of related
GAGs to obtain GAGs suitable for use in the present invention.

Heparan sulbhate (HS)

in preferred aspects of the invention the glycosaminoglycan or proteoglycan is
preferably a heparan sulfate.

Heparan sulfate protecglycans (HSPGs) represent a highly diverse subgroup of
proteogiycans and are composed of heparan sulfate glycosaminoglycan side chains
covalently atiached to a protein backbone. The core protein exists in three major
forms: a secreted form kriown as perlecan, a form anchored in the plasma membrane
known as glypican, and a transmembrane form known as syndecan. They are
ubiquitous constituents of mammalian cell surfaces and most extracellular matrices.
There are other proteins such as agrin, or the amyloid precursor protein, in which an
HS chain may be attached to less commonly found cores.

“Heparan Sulphate” ("Heparan sulfate” or "HS") is initially synthesised in the Golgi
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apparatus as polysaccharides consisting of tandem repeats of D-glucuronic acid
{GicA} and N-acetyl-D-glucesamine (GlcNAg). The nascent polysaccharides may be
subsequently modified in a series of steps: N-deacetylation/N-suffation of GlcNAC,
C& epimerisation of GlcA to iduronic acid {ldoA), C-sulphation at C2 of IdoA and
GlcA, O- sulphation af C8 of N-suiphoglucusamine (GIeNS) and oceasional O-
suiphation at C3 of GIcNS. N-deacetylation/N-sulphation, 2-0O-, 6-C- and 3-0-
suiphation of H3 are mediated by the specific action of HS N-deacetylase/N-
sulfotransferase (HSNDST), HS 2-0- sulfotransferase (HS28T), HE 6-0-
sulfotransferase (HS68T) and HS 3-O-sulfotransferase, respectively. At sach of the
madification steps, only a fraction of the potential substrates are modified, resulting in

considerable sequence diversily. This structural complexity of HS has made it difficult

{o determine its seguence and o understand the relationship between HS structure
and function.

Heparan suifate side chains consist of alternately arranged D-glucuronic acid or L-
iduronic acld and D-glucosamine, linked via (1 -» 4) glycosidic bonds. The
glucosamine is often N-acetylated or N-sulfated and both the urenic acid and the
glucosamine may be additionally O-sulfated. The specificity of a particular HSPG for
a particular binding partner is created by the specific pattern of carboxyl, acetyl and
suifate groups attached to the glucosamine and the uronic acid, In contrast to
heparin, eparan sulfate contains less N- and O-sulfate groups and more N-ascetyl
groups. The heparan sulfate side chains are linked to a serine residue of the core
protein through a tetrasaccharide linkage (~glucuronosyl-8-(1— 3}-galactosyl-p-{1—
F-galactosyb-B-{1-— 4)-xylosyl-p-1-0-(Serine)) region.

Both heparan sulfate chains and core protein may undergo a series of modifications
that may ultimately infiuence their biological activity. Complexity of HS has been
considered to surpass that of nucleic acids (Lindahl et al, 1898, J. Biol. Chem. 273,
24979, Sugshara and Kitagawa, 2000, Curr, Opin. Struct. Biol, 10, 518). variation in
HS species arises from the synthesis of non-random, highly sulfated sequences of
sugar residues which are separated by unsulifated regions of disaccharides
conlaining N- acetylaled glucosamine. The initial conversion of N-acetyiglucosamine
{o N- sulfoglucosamine creates a focus for other moedifications, including
epimerization of glucuronic acid {o iduronic acid and a complex pattern of O-
sulfations on glucosamine or iduronie acids. In addition, within the non~modified, low
sulfated, N-acetylated sequences, the hexuronate residues remain as glucuronate,
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whereas in the highly sulfated N-sulfated regions, the C-5 epimer iduronate
predominates. This limits the number of potential disaccharide variants possible in
any given chain but not the abundance of each. Most modifications occur in the N-
sulfated domains, or directly adjacent to them, so that in the mature chain there are
regions of high sulfation separated by domains of low sulfation (Brickman et al.
{1998), J. Biol. Chem, 273(8), 4350-4359, which is herein incorporated by reference
in its entirety).

It is hypothesized that the highly variable heparan sulfate chains play key roles in the
modulation of the action of a large number of extracellular ligands, including
regulation and presentation of growth and adhesion factors to the cell, via a
complicated combination of autocrine, juxtacrine and paracrine feedback loops, so
controlling intracellular signaling and thereby the differentiation of stem cells. For
example, even though heparan sulfate glycosaminogiycans may be genetically
described (Alberts et al. (1989} Garland Publishing, Inc, New York & London, pp. 804
and 805), heparan sulfate glycosaminoglycan species isolated from a single source
may differ in biological activity. As shown in Brickman et al, 1998, Glycobiology 8,
463, two separate pools of heparan sulfate glycosaminoglycans obtained from
neurcepithelial cells could specifically activate either FGF-1 or FGF-2, depending on
mitogenic status. Similarly, the capability of a heparan sulfate (HS) to interact with
either FGF-1 or FGF-2 is described in WO 96/23003. According io this patent
application, a respective HS capable of interacting with FGF-1 is obtainable from
murine cells at embryonic day from about 11 to about 13, whereas a HS capable of
interacting with FGF-2 is obtainable at embryonic day from about 8 to about 10.

As stated above HS structure is highly complex and variable hetween HS. indeed,
the variation in HS structure is considered to play an important part in contributing
toward the different activity of each HS in promoting cell growth and directing cell
differentiation. The structural complexity is considered to surpass that of nucleic
acids and although HS structure may be characterised as a sequence of repeating
disaccharide units having specific and unique sulfation patterns at the present time
no standard sequencing technique equivalent to those available for nucleic acid
sequencing is available for determining HS sequence structure. In the absance of
simple methods for determining a definitive HS sequence structure HS molecules are
positively identified and structurally characterised by skilled workers in the field by a
number of analytical techniques. These include one or a combination of disaccharide
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analysis, tetrasaccharide analysis, HPLC and molecular Weight determination. These
analytical techniques are well known to and used by those of skill in the art.

Two techniques for production of di- and tetra- saccharides from HS include nitrous
acid digestion and lyase digestion. A description of one way of performing these
digestion techniques is provided below, purely by way of example, such description
not limiting the scope of the present invention.

Nitrous acid digestion
Nitrous acid based depolymerisation of heparan sulphate isads o the eventiual

degradation of the carbohydrate chain into its individual disaccharide components
when taken to completion.

For example, nitrous acid may be prepared by chilling 250 ui of 0.5 M H,S04 and 0.5
M Ba(NO,}, separately on ice for 15 min. After cooling, the Ba{NO;); is combined
with the H,S0, and vortexed before being centrifuged to remove the barium sulphate
precipitate. 125 pl of HNO; was added to GAG samples resuspended in 20 pl of
H.0, and vortexed before being incubated for 15 min at 25°C with occasional mixing.
After incubation, 1 M Na,CO; was added o the sample fo bring it to pH 6. Next, 100
wd of 0.25 M NaBH, in 0.1 M NaOH is added to the sample and the mixture heated fo
50°C for 20 min. The mixture is then cooled to 25°C and acidified giacial acetic acid
added to bring the sample to pH 3. The mixture is then neutralised with 10 M NaCH
and the volume decreased by freeze drying. Final samples are run on a Bio-Gel P-2

column to separate di- and tetrasaccharides to verify the degree of degradation.

Lyase digestion

Heparinise it cleaves sugar chains at glucuronidic linkages. The series of
Heparinase enzymes (|, Il and I} each display relatively specific activity by
depolymerising certain heparan sulphate sequences at particular sulfation
recognition sites. Heparinase | cleaves HS chains with NS regions along the HS
chain. This leads to disruption of the sulphated domains. Heparinase il
depolymerises HS with the NA domains, resulting in the separation of the
carbohydrate chain into individual sulphated domains. Heparinase Il primarily
cleaves in the NA/NS “shoulder” domains of HS chains, where varying sulfation
patterns are found. Note: The repeating disaccharide backbone of the heparan
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polymer is a uronic acid connected to the amino sugar glucosamine. “NS” means the
amino sugar is carrying a sulfate on the amino group enabling sulfation of other
groups at C2, C6 and C3. “NA” indicates that the amino group is not sulphated and
remains acetylated.

For example, for depolymerisation in the NA regions using Heparinase [l both
enzyme and lyophilised HS samples are prepared in a bhuffer containing 20 mM Tris-
HCL, 0.1 mg/mi BSA and 4 mM CaCl; at pH 7.5. Purely by way of example,
Heparinase Il may be added at 5 mU per 1pg of HS and incubated at 37°C for 16 h
before stopping the reaction by heating to 70°C for 5 min.

Di- and tetrasaccharides may he eluted by column chromatography.

Heparin-binding domains

Cardin and Weintraub {MMolecular Modeling of Protein-Glycosaminoglycan
Interactions, Arteriosclerosis Vol. 9 No.1 Jan/Feb 1989 p.21-32), incorporated herein
in entirety by reference, describes consensus sequences for polypeptide heparin-
binding domains. The consensus sequence has either a stretch of di- or tri-basic
residues separated by two or three hydropathic residues terminated by one or more
basic residues. Two particular consensus sequences were identified: XBBXBX ISEQ
ID NO: 15] and XBBBXXBX [SEQ ID NO: 18] in which B is a basic residue (e.g.
Lysine, Arginine, Histidine) and X is a hydropathic residue {e.g. Alanine, Glycine,
Tyrosine, Serine). Heparin-binding domains are reported to be abundant in amino
acids Asn, Ser, Ala, Gly, lle, Leu and Tyr and have a low occurrence of amino acids
Cys, Glu, Asp, Met, Phe and Trp.

These consensus sequences may be used to search protein or polypeptide amino
acid sequences in order to identify candidate heparin-binding domain amino acid
sequences which may be synthesised and tested for GAG binding in accordance with
the present invention.

WO 2005/014818 A2 also discloses numerous heparin-binding peptides. The
contents of WO 2005/014619 A2 are incorporated herein in entirety by reference.

Proteins containing heparin-binding domains



10

15

20

28

30

35

27

The following proteins are known to contain heparin-binding domains, and
polypepltides derived from the amino acid sequences of these proteins may be used
for the identification of GAGs according to the present invention.

Mitogens/Morphogens/ Chemokines

Fibroblast Growth Factors (FGF-1, FGF-2, FGF-3, FGF-4, FGF-5, FGF-6, FGF-7,
FGF-8, FGF-9) as well as the FGF receptors FGFR1, FGFR2, FGFRS3; HGF
(Hepatocyte growth factor); VEGFs (Vascular endothelial growth factor}; Activing;
BMPs (Bone morphogenetic protein, .g. BMP-2, BMP-4); TGF-8s (Transforming
growth factor); PDGFs (Platelet-derived growth factor); OPG (Osteoprotegering; HB-
GAM {(Heparin-binding growth-associated molecules); pieiotropins; GM-CSF
{Granulocyte-macrophage colony-stimulating factor); Interferon-y; NT4/5
{Neurotophin); GDNF {Glial cell-derived neurotrophic factor); Whts Hedgehogs.

Antagonists
Noggin, Chordin, Sclerostin, CTGF {Connective Tissue Growth Factor), Follistafin,
Gremilin.

Adhesive Glycoproteins
Fibronectin, Vitronectin, Laminin, Collagens, Thrombospondin, Tenascin,
vonWillebrand Factor, NCAM (Neural Cell Adhesion Molecule), N-cadherin

Enzymes

Lipoprotein Lipase, Hepatic Lipase, Phospholipase, Apolipoprotein B, Apolipoprotein
£ _

Serine protease inhibitors
Antithrombin U1, Heparin Co-factor i, Protease Nexins

Other Facfors

Superoxide Dimustase, Elastase, Platelet Factor 4, N-CAM, Transcription Factors,
DNA Topoisomerase, RNA Polymerase, Tumor Necrosis Faclor.

The invention includes the combination of the aspects and preferred features

described except where such a combination is clearly impermissible or expressly
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avoided.

The section headings used herein are for organizational purposes only and are not fo
be construed as limiting the subject matter described.

Aspects and embodiments of the present invention will now be illustrated, by way of
example, with reference to the accompanying figures. Further aspects and
embodiments will be apparent te those skilled in the art. All documents mentioned in
this text are incorporated herein by reference.

Brief Description of the Figures

Embodiments and experiments illustrating the principles of the invention will now be
discussed with reference to the accompanying figures in which:

Figure 1. Anion exchange chromategraphy of MX samples disrupted using 8 M
Urea/CHAPS buffer. A large GAG peak is observed after 1M NaCl eluticn.

Figure 2. Representative chromatogram of the desalting system during MX-derived
GAG purification, The initial peak (12 — 18 min) represents full length GAG chains.

The conductivity peak and debris peak (19 ~ 30 min) represent salt and GAG debyis
elution.

Figure 3. tGAGs (2.5 mg) loaded onto an underivatised Hi-Trap streptavidin column.
All GAGs elute from the column in the flowthrough, indicating no “background”
attachment of GAGs to the column.

Figure 4. BMP2-HBP (1 mg) pre-incubated with tGAGs (25 mg) for 30 min. Elution
profile shows the peptide {280 nm} exiting the column in the flowihrough together
with the {GAG sample.

Figure 5. BMP2-HBP (1 mg) loaded onto a Hi-Trap column. The 280 nm absorbance
levels indicate that the peptide remains attached to the column even under high salt
conditions; thus there was successful coupling of the biotinylated peptide {o the
streptavidin linker.
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Figure 6. BMP2-HBP (1 mg) coupled column loaded with of 25 mg of tGAGs. The
chromatogram (232 nm) clearly shows both an overloading of the column, in the flow
through as well as the binding of some GAGs te the BMP2-HBP bed.

Figure 7. Re-application of the GAG- (flowthrough) fractions from the previous
experiment (Fig. 6). The presence of a significant GAG+ elution peak indicates that
all available BMP2-HBP binding sites had been saturated, resulting in a large
proportion of susceptible GAGs exiting the column in the flowthrough.

Figure 8. BMP2-HBP (2 mg) coupled column loaded with tGAGs (6 mg). The
chromatogram (232 nm) clearly shows no overloading of the column, and the
presence of a GAG subpopulation with a relative affinity for the BMP2-HBP.

Figure 9. Re-run of GAG- (flowthrough) from previous run (Fig. 8). The absence of a
GAGH+ elution peak indicates that the available BMP2-HBP binding sites were not
saturated in the previous run, allowing the efficient extraction of GAG+ sugars in a
single run.

Figure 10. Re-application of isolated full length GAG+ fractions (2 mg) shows no
change in affinity for the BMP2-HBP (2 mg) column prior to heparinase Il digestion.
A reapplication of GAG- fractions against the BMP2-HBP column also showed no

change in affinity, with all GAGs exiting the column in the flowthrough essentially as
in Figure 9.

Figure 11. GAG- fractions (1 mg) digested with heparinase Il before loading onto the
BMP2-HBP (2 mg) column. The chromatogram (232 nm}) clearly shows that no GAG
samples remain bound o the column, but exit in the flowthrough. This indicates.the
absence of any GAG+ domains in the full length GAG- chains.

Figure 12. GAG+ fractions (2 mg) digested with heparinase 3 before loading onto the
BMP2-HBP (2 mg) column. The chromatogram (232 nm} demonstrates that the
GAG+ samples are retained by the column, suggesting that all domains on the full
length GAG+ chain have a relative affinity for the BMP2-HBP. The increase in the
absorbance peak, as compared to the same dry weight quantity of GAG+ (Fig. 10},
indicates the efficacy of the heparinase 3 treatment.
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Figure 13. Full length GAG+ chains separated using a Biogel P10 column with an
exclusion limit of between 1.5 kDa and 20 kDa . The chromatogram shows that a

large proportion of the sample chains have an overall molecular weight of more than
20 kDa.

Figure 14. Full length GAG+ sugar chains treated with nitrous acid for 20 min to
diagnostically degrade heparan sulfate species. The chromatogram, generated from
a Biogel P10 sizing column, shows an almost complete degradation of all GAG+
chains as compared te Figure 13, indicating that GAG+ isolated chains consist
primarily of heparan sulfate.

Figure 15. Chondroitin-4-sulfate (6 mg) loaded onto BMP2-HBP (2 mg) column. The
chromatogram clearly illustrates a significant proportion of the GAG chains having an

affinity for the peptide, as they eluted at a similar salt concentration as the GAG+
samples.

Figure 16. Chondroitin-8-suifate (6 mg) loaded onto BMP2-HBP (2 mg) column. The
chromatogram indicates that few of the C6S GAG chains have any affinity for the
peptide column.

Figure 17. Dermatan sulfate (6 mg) loaded onto the BMP2-HBP (2 mg) affinity
column. The chromatogram indicates that few of the DS GAG chains had any affinity
for the peptide, with only a small proportion of the GAGs being eluted at a similar salt
¢oncentration to GAG+ samples.

Figure 18. Bovine heparan sulfate (2.5 mg) loaded onfo the BMP2-HBP (2 mg)
column. The chromatogram (232 nm) reveals only a small fraction of the GAGs
binding to the column.

Figure 19. Heparin-LMW (50 mg) loaded onto the BMP2-HBP (2 mg) column. The
chromatogram (232 nm) reveals that almost no GAG bound to the peptide.

Figure 20. Heparin-HMW (28 mg) loaded onto the BMP2-HBP (2 mg) column. The
chromatogram (232 nm) reveals that almost no GAG bound o the peptide.

Figure 21. Heparin-HMW (25 mg) predigested with heparinase | was loaded onto the
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BMP2-HBP (2 mg) column. The chromatogram (232 nm) reveals that very few GAG
fragments bound to the peptide.

Figure 22, Chromatogram showing steps in isolation of BMP-2 peptide specific HS
by affinity chromatography.

Figure 23, Chromatogram showing elution of BMP-2 peptide specific HS (GAG+) by
affinity chromatography.

Figure 24. Chromatogram showing elution of BMP-2 peptide non-specific HS (GAG-)
by affinity chromatography.

Figure 25. Chromatogram showing elution of Sigma HS (H9902) standard under size
exclusion chromatography on Superdex 75 celumn.

Figure 26. Chromatogram showing elution of BMP-2 peptide specific HS (GAG+)
under size exclusion chromatography on Superdex 75 column.

Figure 27. Graph showing Osterix expression in C2C12 cells in response to control
media, 100ng/ml BMP2 and 300ng/mi BMP2.

Figure 28. Graph showing Osteocalcin expression in C2C12 cells in response to
control media, 100ng/m! BMP2 and 300ng/mi BMP2.

Figure 29, Graph showing Runx2 expression in C2C12 cells in response to controt
media, 100ng/mi BMP2 and 300ng/mi BMP2.

Figure 30. Graph showing expression of Alkaline Phosphatase as measured by
quantative PCR in C2C12 cells in response {o conirel media, BMP-2, Negative GAG
{GAG-), Positive GAGs (GAG+), Total HS and Heparin (Hep).

Figure 31. Graph showing expression of Osterix as measured by quantative PCR in
C2C12 cells in response to control media, BMP-2, Negative GAG (GAG-) + BMP-2,
Positive GAGs (CGAG+) + BMP-2, Total HS and Heparin (Hep).

Figure 32. Graph showing expression of Bspll as measured by quantative PCR in
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C2C12 cells in response o conirol media, BMP-2, Negative GAG (GAG-) + BMP-2,
Positive GAGs (GAG+) + BMP-2, Total HS and Heparin (Hep).

Figure 33. Graph showing expression of Runx2 as measured by guantative PCR in
£2C12 cells in respeonse to control media, BMP-2, Negative GAG (GAG-) + BMP-2,
Positive GAGs (GAG+) + BMP-2, Total HS and Heparin {(Hep).

Figure 34. Graph showing expression of Osteccalcin in C2C12 cells in response to
BMP and GAG+ (+ BMP-2) isclated from MC3T3-E1 cells.

Detfailed Description of the Invention

The details of one or more embodimenis of the invention are set forth in the
accompanying description below including specific details of the best mode
contemplated by the inventors for carrying out the invention, by way of example. It
will be apparent fo one skilled in the art that the present invention may be practiced
without limitation to these specific details.

We investigated the potential of GAGs to augment the activities of bone
morphogenic protein 2 (BMP2). The highly osteoinductive activity of BMP2 for the
murine myogenic cell line C2C12 have been well characterised. Studies both in
this cell line, and in vivo, have implicated a role for glycosaminoglycans in
modulating this activity.

BMP2's affinity for heparin has similarly been well characterised. Numerous
studies have been conducted that have sought to examine the dynamic
interaction between BMP2 and GAGs. Some have proposed that the interaction
is inhibitory, and so responsible for either sequestering the cytokine away from
the receptor or inducing its association with its numerous inhibitors, such as
noggin, that have been shown, similarly, to have an affinity for heparin.
Alternative findings implicate the interaction between BMP2 and GAGs is one of
maintaining a local concentration of the cytokine around cells that reguire its

. signalling in order to differentiate into the osteoblast lineage.

These findings also suggest that the association serves to significantly lengthen
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the half-life of the homodimer, so allowing it to remain active in the ECM for
longer periods. As is the case with most systems, the actual role of this
interaction is likely {o be blend of some, or all of the above.

Although many studies have provided evidence for the interaction that BMP2 has
with model sugars, the specific interaction between the BMP2 heparin-binding
peptide (BMP2-HBP), a string of amino acids (QAKHKQRKRLKSSCKRHP [SEQ
ID NO: 1]} located at the N-terminal end of each BMP2 monomer, and
appropriate glycosaminoglycans has received relatively liitle attention. A major
question that arises is whether there is a complementary saccaharide sequence
embedded within an HS chain that controls the association with an absolute, or at
least relative, specificity.

We sought to isolate a sequence-specific glycosaminoglycan that could modulate
BMP2 activity via a direct inferaction with the cytokine.

Example 1
MATERIALS AND METHODS

Buffer Preparation

Preparation of all buffers for GAG extraction and analysis is conducted with strict
attention paid to quality. It is vital that the pH of buffers is maintained at the correct
level and that ali buffers be filtered and degassed in order to prevent the clogging of
columns with precipitates or bubbles. The formation of hubbles, in particular, can
cause serious damage to columns, and in the case of sealed, pre-fabricated

columns, leads to them becoming unusable.

All buffers used were filtered with 1x PBS without Ca*" or Mg** (150mM NaC}), or
double distilled (ddH;0) to make the final solutions.

Disruption Buffer

The 8M Urea/CHAPRS disruption buffer consisted of PBS (150mM NaCl) with 1%
CHAPS, 8M Urea and 0.02% NaNj fo prevent contamination by microbial growth



10

16

20

25

30

35

34

during storage. This solution was used to disrupt matrix (MX) samples, s0 was not
degassed or filtered.

PGAG Anion Exchange Low Salt (250mM) Buffer
Low salt PGAG anion exchange buffer comprised PBS (150mM NaCl) with an
additional 100mM NaCl. The buffer was equilibrated to pH 7.3 with NaCH and

0.02% NaNs. The splution was then degassed under negative pressure and
constant stirfing until no further bubbles were released hefore being filtered
through a 0.4 pm filter.

PGAG Anion Exchange High Salt (1) Buffer

High salt PGAG anion exchange buffer comprised PBS {150mM NaCl) with an
additional 850 mM NaCl. The buffer was equilibrated to pH 7.3 with NaOH and
0.02% NaN; added. The solution was then degassed under negative pressure
and constant stirring before being filtered through a 0.4 pm filter.

Pronase/Neuraminidase PGAG Reconstitution Buffer

This buffer was used to reconstitute desalted PGAG samples after anion
exchange in order fo prepare them for enzymatic digestion of the associated core
proteins. it consisted of 25 mM sodium acetate (CH;COGHNa). The buffer was
equilibrated to pH 5.0 with glacial acetic acid (CH;COOH). Both pronase and
neuraminidase enzymes were reconstituted according to the

manufacturer’'s instructions.

GAG Affinity Chromatography Low Salt (150mM) Buffer
Low salt GAG anion exchange buffer was made using PBS (150mM NaCl)
without any additional salt. The buffer was equilibrated to pH 7.3 with NaOH and

0.02% NaN;. The solution was degassed under negative pressure and constant

stirring until no further bubbles were released before being filtered through a2 0.4
um filter.

GAG Affinity Chromatography High Salt {1M) Buffer

High salt GAG anion exchange buffer was made using PBS {150 mM NaCl) with
an additional 850 mi NaCl. The buffer was equilibrated fo pH 7.3 with NaCH
and 0.02% NaN; was added,, the solution was then degassed ang filtered
through a 0.4 pm filter.
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Desalting Selution
The desalting solution was made using ddH,C that was equilibrated to pH 7.0
with 0.02% NaN,, The solution was then degassed and fillered.

Sample Preparation

Matrix samples were disrupted using Disruption Buffer (8M Urea/CHAPS), then
secraped off the culture surface in this buffer and stirred overnight at 37°C to
ensure maximal lysis. The samples were then centrifuged at 5000 g for 30 min
and the supernatant was clarified through a 0.4 ym filter in preparation for PGAG
extraction via anion exchange chromatography.

Column Preparation & Usage

The cheice and preparation of the types of columns io be used for each sequential
step in the isolation and characierisation of GAGs is of major importance for the
success of the protocol. If was vital that at each step the columns were equilibrated
and cleansd with great care.

Anion Exchange Columns

Due to the relatively targe guantities of MX substrate used for GAG extraction,
and the high load this places on the column system, it was necessary to pack
and prepare a large anion exchange column manually, specifically for this study.
Capto Q anion exchangs beads (Pharmacia) were packed into a Pharmacia XK
26 column (Pharmacia) to produce a column with a maximum loading capacity of
500 mi of MX Iysate per run.

Prior to use, both the column and all buffers were equilibrated to room

temperature for 30 min, before washing and equilibrating the column in PGAG
Anion Exchangs Low Salt (250 mM) Buffer for 30 min uniil all absorbance

channels remained stable. The clarified cell lysate was then passed through the
column which was again tinsed in 500 ml of low salf buffer fo remove any
nonspecifically bound debris. PGAGs were then elufed using 250 mi of PGAG Anion
Exchange High Salt (1\M) Buffer and lyophilised prior {o desalting. The column

was then rinsed in low sait buffer and returned to 4°C for storage,

Desalling Protocol
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After PGAG/GAG isolation it was necessary to remove the high amount of salt
that accumulated in the sample during elution from the column. For this step, all
eluted samples of the same experimental group were combined and loaded onto
4x Pharmacia HiPrepTM 26/10 desalling columns. Prior {o use, both the columns
and al solutions were equilibrated to room temperature for 30 min before
washing and equilibrating the column in Desalting Solution for 30 min until all
absorbance channels achieved stability. Lyophilised samples were reconstituted
in Desalting Solution in the minimum possible volume that resulted in a clear
solution. This combination of columns permitted the loading of up to 60 ml of
sample. Those fractions eluting from the column first were [yophilised and
retained for further separation or cell culture application. The columns were then
rinsed in Desalting Solution and returned to 4°C for storage.

BMP2-HBP Column Preparation

The isolation of GAGS carrying relative affinities for BMP2 was conducted using a
BMP2-HBP column. Approximately 2 mg of biotinylated BMP2-HBP was
prepared in 1 mi of the GAG Affinity Chromatography Low Salt (150mM) Buifer,
This amount was [paded onto a HiTrap Streptavidin HP column (Pharmacia) and

allowed to attach to the column for 5 min. The column was then subjected fo a
complete run cycle in the absence of GAGs. The column was washed in 13 ml of
low salt buffer at a flow rate of 0.5 ml/min before being subjected to 10 mi of
GAG High salt buffer at 1 mi/min. Finally the column was rinsed with 10 ml of low
salt buffer. During this process data was carefully monitored fo ensure that no
peptide elution or column degradation was observed. '

GAG+ Sample Isclation

Once the BMP2-HBP column had been prepared and tested for stability under
normal running conditions, it was ready to be used for the separation of GAG+
chains from tGAG {total GAG) samples. tGAG samples (6 mg) were prepared in 3 mi
of GAG affinity low sait (150 mM) buffer and injected into a static loop for loading
onto the column. Prior to use both the BMP2-HBP column and ali buffers were
equilibrated to room temperature for 30 min before washing and equilibrating the
column in low salt buffer for 30 min until all absorbance channels were stable. The
sample was then loaded onto the column at 0.5 ml/min and the column and the

sample rinsed in 10 mi of low salt buffer at 0.5 mi/min. Retained GAG+ samples were

subsequently recovered by elution with 10 ml of high salt (1 M)
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buffer and lyophilised for desalting. The column was then rinsed in 10 ml of low
salt buffer and stored at 4°C.

Pronase/Neuraminidase Treatment

In order to isolate GAG chains from their ¢core proteins, they were digested using
pronase and neuraminidase. Lyophilized PGAG samples were resuspended in a
minimum volume of 25 mM sodium acetate {(pH 5.0} and clarified by filtration
through a 0.4 pm syringe filter. Total sample volume was dispensed inte 10 ml
glass tubes in 500 i aliquots. 500 ul of 1 mg/ml neuraminidase was added and
incubated for 4 h at 37°C. After incubation 5 m! of 100 mM Tris-acetate (pH 8.0)
was added to each sample. An additional 1.2 mi of 10 mg/ml pronase,
reconstituted in 500mM Tris-acetate, 50 mM calcium acetate (pH 8.0), was
added to each sample and incubated for 24 h at 36°C. After treatment all
volumes were combined and prepared for anion exchange processing by
centrifugation and fiitration.

GAG Digestion Protocols

The analysis of GAGs, including their sulfated domain sizes and relative sulfation

levels, was carried out by using established protocols including degradation by
either nitrous acid or lyases.

Nitrous Acid Digestion

Nitrous acid-based depolymerisation of heparan sulfate leads to the eventual
degradation of the carbohydrate chain into its individual disaccharide components
when taken to complstion. Nitrous acid was prepared by chilling 250

ul of 0.5 M H,80, and 0.5 M Ba(NO,), separately on ice for 15 min. After cooling,
the Ba(NO;), was combined with the H,SO, and vortexed before being
centrifuged to remove the barium sulfate precipitate. 125 pl of HNO, was added
to GAG samples resuspended in 20 yt of H,O, and vortexed before being
incubated for 15 min at 25°C with occasional mixing. After incubation, 1M
Na,CO, was added to the sampte to bring it fo pH 6. Next, 100 pl of 0.25 M
NaBH. in 0.1 M NaOH was added to the sample and the mixture was heated to
50°C for 20 min. The mixture was then cooled to 25°C and acidified with glacial
acetic acid fo pH 3 in the fume hood. The mixture was then neutralised with 10 M
NaCH and the volume was then decreased by freeze drying. The final samples
were run on a Bio-Gel P-2 column to separate di- and tetrasaccharides to verify
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degradation.

Heparinase Il Digestion

Heparinase 1!l is an enzyme that cleaves sugar chains at glucurenidic linkages.
The series of heparinase enzymes (1, Il and [ll) each display relatively specific
activity by depolymerising certain heparan sulfate sequences at particular
sulfation recognition sites. Heparinase | cleaves HS chains within NS regions
along the chain. This leads to the disruption of the suifated domains that are
thought to carry most of {he biological activity of HS. Heparinase Iii
depolymerises HS within the NA domains, resuliing in the separation of the
carbohydrate chain into individual sulfated domains. Lastly, Heparinase I}
primarily cleaves in the NA/NS “shoulder” domains of HS chains, where varying
sulfation patterns are found.

In order to isolate potential active domains we focused on the depolymerisation

of GAG+ NA regicns. Both the enzyme and lyophilised HS samples were

prepared in a buffer containing 20 mM Tris-HCI, 0.1 mg/ml BSA and 4 mM CaCl,

at pH 7.5. The concentration of heparinase [l added to each sample is governed

by the relative quantity of HS components in the sample. Cur analysis, via nitrous
acid depolymerisation, indicated that the GAG+ samples consisted of predominantly
HS; thus the enzyme was used at 5 mU per 1 g of HS. The sample was incubated
at 37°C for 16 h before the reaction was stopped by heating to 70°C for 5 min. The
sample was then applied to the appropriate column system for further analysis.

Celf Culture
GAG Production

In order to isolate GAG species representative of developing osteoblasts, MC3T3

cells were grown in osteogenic conditions for 8 days. The cellular component was
removed via incubation in a dilute solution of 0.02 M ammonium hydroxide {NH,CH)
at 25°C for 5 min. After 5 min, NH,OH was removed by inversion of the culture
surfaces. Treated cultures were allowed to dry in a laminar flow cabinet overnight.
The following day the treated cultures were washed three times with sterile PBS and
altowed to dry in the laminar flow cabinet. Prepared matrix cultures were then stored
under sterife conditions in 4°C untii primary protecglycans were liberated via
treatment with disruption buffer and anion exchange chromatography.
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BMP2-Specific GAG Bioactivity

C2C12 myoblasts were subcuitured every 48 h, to a maximum of 15 passages,

by plating at 1.3 x 10* cells/om? in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FCS. Osteogenic differentiation was induced at 2 x 10*
cells/em? in DMEM supplemented with 5% FCS, nominated concentrations of
recombinant human bone morphogenic protein-2 (thBMP2) and
glycosaminoglycan fractions with a positive or negétive affinity for rhBMP2

(GAG+ and GAG- respectively), thBMP2 and GAG fractions were pre-incubated
for 30 min at 25°C prior to addition to their corresponding C2C12 Acuitures‘ The
cultures were permitted fo grow under these conditions for & days, with media for
each condition being changed every 48 h, before mRNA samples were extracted
and prepared for RQ-PCR analysis. Real time PCR for osteocalcin expression

was conduced using the ABI Prism 7000® sequence detection system
{PerkinElmer Life Sciences). Primers and probes were designed using Primer
Express software (v2.1, PE Applied Biosystems). The target probe was redesigned
to incorporate LNA bases and labelled with BHQ-1 (Sigma-Protigo). The ribosomal
subunit gene 188 (VIC/TAMRA) was used as an endogenous control, with each
condition consisting of three repeats, each tested in triplicate. The raw PCR data was
analysed using the ABI Sequence Detector software. Target gene expression values
were normalised to 185 expression prior to the calculation of relative expression
units (REUs).

RESULTS

Anion Exchange Chromatography

in order to successfully extract GAGs from MX samples, it is necessary to remove
other matrix proteins that may contaminate the sample. As GAGs constitute the most
negatively charged molecules in the ECM, this is most effectively accomplished with
anion exchange chromatography. '

Samples were disrupted using 8M Urea/CHAPS buffer and loaded onio the anion
exchange column. Unwanted protein and ECM debris were washed from the column
and the negatively charged GAGs eluted with 1 M NaCl. A typical chromatogram
(Fig. 1) clearly shows the flowthrough of a large amount of nonadherent debris, as
well as the clean and tight elution of a large quantity of GAGs from the MX
preparation. Thus not only does this result demonstrate the purification of GAGs by
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this method, it also confirms the retention of a large number of GAGs in the ECM
after treafment with NH,OH.

Desalting

Virtually all chromatography methods employed to purify and analyse GAGs at
various stages of processing require elution with high-salt buffers. As high salt
conditions interfere with affinity-based chromatography, it is necessary to desalt
samples after each stage of processing. This process is generally completed with
size exclusion chromatography. Under these conditions larger molecules, such
as GAGs, exit the column before small molecules, inciuding the salt and small
GAG debris. The separation of GAGs from the contaminating salt can be
foliowed on the resuliing chromatogram (Fig. 2) which aiso serves to confirm

that the GAG chains remained intact during the treatment process.

BMP2-HBP Column System
Column Preparation

Due to the prohibitive costs involved in creating a BMP2 growth factor column
with commercially available reagents, we instead ulilised a biotinylated
preparation of the known heparin-binding domain of BMP2 (BMP2-HBP). This
peptide was immobilised on a Hi-Trap Streptavidin HP column {1 mi) in order to
specifically retain GAG chains with an affinity for the specific heparin-binding
domain pepiide.

First we examined any background affinity the GAGs may have had for the
naked streptavidin column by running the total GAG ({GAG) fraclion against a
column bed devoid of BMP2-HBP (Fig. 3). Qur results confirmad that our MX
derived tGAG samples carried no inherent affinity for the streptavidin column.
We further investigated two separate methods of exposing tGAGs ta the BMP2-
HBP for the purpose of separating chains with a specific affinity. The peptide was
either pre-incubated for 30 min with 25 mg of tGAGs prior to loading onto the
streptavidin column, or was joaded first, with the tGAGs being run through the
column bed thereafter.

Pre-incubation of {GAGs with the BMP2-HBP revealed the complete inability of the
peptide to associate with the column (Fig. 4), let alone mediate any isolation of
specific GAGs. When the peptide was loaded onto the column alone, however, its
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association with the column was absolute, with effectively no elution of peptide, even
under 1 M salt conditions (Fig. 5). This high affinity association indicates that the
biotin-streptavidin association is functioning correctly, and suggests a possible
inhibition of binding to the column, when loaded together with tGAGs, due to steric
hindrance.

Column Loading Capacities

As the proportion of {GAGs that were likely to have a relative affinity for the
BMP2-HBP was unknown, we first sought fo standardise the quantities of tGAGs
loaded onto the peptide column at each run for separation. Hi-Trap columns were
prepared by immobilising 1 mg of the BMP2-HBP for the exiraction of tGAGs with
a specific affinity for the BMP2 heparin-binding site. This amount was selected so
as to maximise the quantity of available peptide for future experiments should
column stability become compromised over time. Instability is a significant
problem with peptide columns, with corresponding impacts on consistency.

Initial attempts at loading of 25 mg of {GAGs onto a 1 mg BMP2-HBP coupled
column resulted in a clear overloading, as observed via absorbance at 232 nmin
the fliowthrough {Fig. 6). Although a significant elution peak was observed,
tGAGs with affinity for the HBP were lost in the flowthrough due to overloading.
This was examined by re-running the flowthrough through the peptide column
(Fig. 7). This resulied in a significant GAG+ {elution) peak, indicating that the
previous run had saturated the column.

Further optimisation led us to routinely load no more than 6 mg of tGAGs onto a
2 mg BMP2-HBP column. This, as evidenced by the flowthrough peak (Fig. 8)
and the absence of a positive-binding fraction (Fig. 9), forestalled column
overloading. The extraction of those tGAGs with an affinity for the BMP-HBP
from each sample set in a single pass allowed us, in turn, to separate GAG+ and
GAG- fractions more efficiently.

GAG Domain Analysis

GAG+ Chain Specificity

With the establishment of a standardised protocol, we were able to reproducibly
isolate GAG+ fractions for further analysis.

Given the domain structure of heparan sulfate that mediates the binding specificity
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for proteins, it is likely that mulfi-domain GAG chains that bind to the column are in
fact composed of a large proportion of chain with little or no specific affinity for BMP2,
Similarly, it is possible that c¢hains that appeared GAG- may in fact contain domains
that carry some affinity for the BMP2-HBP. In order to examine these possibilities, it
was necessary o break down the GAG chains into their component domains for
more extensive examination.

The enzyme heparinase lli (heparitinase 1) cleaves HS chains primarily in those
areas flanking highly suifated regions, thereby liberating the highly charged,
protein-associating domains that bind susceptible growth factors, in this case the
BMP2-HBP. Both GAG+ and GAG- fractions were exposed to heparinase
digestion, although neither fraction showed any change in their affinity for the
BMP2-HBP (Fig. 10}.

Heparinase il digestion of both full length GAG+ and GAG- fractions was
subsequently conducted, and both digested sample sets subsequently loaded
onfo the BMP2-HBP column {o assess retention affinity.

The efficacy of the heparinase digestion was validated by the increase in relative
absorbance of samples of equal dry weight after enzymatic digestion, as shown
in Figures 10 and 12. As the monitoring of GAG chains at 232 nm is via the sugar
chain itself and, in particular, unsaturated bonds, any cleavage along the chain’s

length by heparinase lll, resulting in unsaturated bonds of HS fragments, leads to an
increase in absorbance.

Interestingly, heparinase digestion of full length GAG- chains yielded no fractions
carrying any notable affinity for the BMP2-HBP (Fig. 11). However, the digestion of
full-length GAG+ samples similarly resulted in no fractions that lacked affinity for the
BMP2-HBP (Fig. 12). This result suggests that entire chains of BMP-binding GAG
are produced containing domain repeats that have a specific affinity for the HBP.
Alternatively, the HBP may not be able to yield sufficient discrimination between
GAG+ domains with varying affinity under these minimalist conditions.

GAG+ Composition
Full Length GAG+ Sizing
In order to examine the composition of GAG+ fractions from the BMP2-HBP column,
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we first examined their average size. This was {o ensure that we were actually
separating GAG chains of reasonable length, rather than small fragments not
carrying any specific affinity. Although any sizing of GAG chains is problematical,
owing to their relatively rigid rod-like conformation, a set of assumptions invoking
Stoke’s radius and apparent sphericity can be made.

Full length GAG+ samples were loaded onto Biogel P10 gel filtration columns (1
cm x 120 cm) with an exclusion limif of between 20 kDato 1.5 kDa. Absorbance
measured af 232 nm indicated a large proportion of GAG+ molecules had an
overall apparent size greater than 20 kDa (Fig. 13).

{t has been posited that sugar chains must be fonger than approximately 10-14
rings in order to potentiate significant biological activity for the FGF family of
mitogens. In terms of apparent molecular weight, a chain of 14 fuily sulfated
disaccharides corresponds to approximately 8.7 kDa. As the majority of chains
found in the GAG+ samples show an apparent molecular weight > 20 kDa, itis
reasonable to assume that the interaction that they carry for the BMP2-HBP has

some specific affinity and is not the result of a general non-specific interaction.

GAGT Sugar Species

There are five major glycosaminoglycan sugar families: hyaluronan, keratan
sulfate, dermatan sulfate, chondroitin sulfate and heparan suifate. Of these five,
only heparan sulfate, chondroitin sulfate and dermatan sulfate have the capacity
o generate variably sulfated domains that may code for specific interactions with
particular cylokines such as BMP2. The identification of the type of sugar
species isolated using the BMP2-HBP column was of crucial importance for this
study, and was determined using a combination of diagnostic chemical and
enzymatic degradations. in particular, heparan sulfate, one of the major GAG
candidates for the interaction with BMP2, can be completely degraded into its

disaccharide components in the presence of nitrous acid.

Thus, cur HBP-retained GAG samples were incubated with nitrous acid for 20
min prior to separation on a Biogel P10 sizing column. Examination of the

resulting chromatogram revealed an aimost complete degradation of all GAG+
sugar samples, as measured by absorbance at 232 nm and 226 nm (Fig. 14).
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This result strongly suggests that the full length sugar chains isolated specifically
against the BMP2-HBP consist primarily of heparan suifate, as other sugar chains
are not affected by nitrous acid depolymerisation.

Although almost all the GAG+ chains could be degraded in such a manner, a smali
peak was nevertheless observed at higher molecular weights (>20 kDa). It can be
postulated to consist of chondroitin sulfates, of which CS-B (dermatan sulfate) and
CS-E (chondroitin-4,6-suifate) demonstrate sulfation complexity akin to heparan
sulfates,

GAG Species Analysis

BMP2-HBP Specific GAGs {(Alternative Species)

The degradation of full length GAG+ chains by exposure to nitrous acid clearly
indicated that the majority of GAG+ sugar chains consisted of the heparan sulfate
sugar species (Fig. 14). The degradation of the GAG+ sample was not, however,
complete as was observed by the remnant peak in the high molecular weight region.
The presence of this peak points strongly to the possibility of cther species of sugar
chains, such as chrondroitin or dermatan suifate. We next sought {0 examine the
possible affinity the other two sugar types may have for this cytokine by first
axamining a variety of commercially available chondroifin and dermatan sugars for
their affinity to the BMP2-HBP column.

We tested chondroitin-4-sulfate (C4S), chondroitin-6-suifate (C6S) and dermatan
sulfate (DS) by, in each instance, loading 6 mg of the sugar onto the BMP2-HBP
column under the same conditions used to isolate GAG+ chains from MC3T3
matrix samples.

The chromatograms i!lustrating the affinity of each of the 3 sugar chain types
showed that only C4$ (Fig. 15) had any significant affinity for the peptide. This
affinity taken together with the lack of affinity for the BMP2-HBP column
observed for both C88 (Fig. 16) and DS (Fig. 17} samples, appears o
indicate that C4S has a particular, potentially significant, inferaction with the
BMP2 heparin-binding site.

As any potential interaction between chondroitin sulfate and BMP2 has not yet
been well characterised, these results led us to question the validity of column
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chromatography as an accurate monifor of the BMP2/heparan interaction. In
order io further explore the specificity of the interaction dynamic, we tested
several commercially available sugar species for their affinity to the column.
These inciuded heparan sulfate, low molecular weight heparin (Heparin-LMW),
high molecular weight heparin (Heparin-HMW) and Heparin-HMW treated with
heparinase 1.

Interestingly, none of these commercially available GAG species appeared to
demonstrate any specific interaction with the peptide column. Heparan suifate
from bovine kidney had very little affinity (Fig. 18), a behaviour that was further
confirmed by its inability to positively augment FGF2-mediated cell proliferation
(data not shown), as is observed in the presence of HS2. This reduced

ability of this GAG sample to bind the column may be as a result of it being sold
in a relatively unsulfated form.

Nene of the tested heparin samples showed even a minor affinity for the column.
This is of particular interest as BMP2 itseif was historically first isolated using
heparin columns. In order to confirm this result, both LMW (Fig. 19) and

HMW (Fig. 20) heparin were tested; neither showed any appreciable affinity for
the column.

As we surmised that the relatively small BMP2-HBP peptide may have had
difficulty maintaining its association with the much {arger heparin molecules, we
next predigested the heparin-HMW samples using heparinase |. These smaller
heparin-HMW fragments were then run over the BMP2-HBP column; this
treatment did not, however, appear to improve the ability of any of the heparin
samples to bind the peptide column (Fig. 21).

This inability of the peptide column to show any specific interaction with any of
the various preparations of heparin was somewhat unexpected, due to BMP2

conventtonally being isolated via heparin affinity. It is possible, however, that this may
be as a result of the reversing of the “receptor-ligand” order of interaction; in this case
the BMP2-HBP represented the fixed "receptor” asopposed to the heparin that
represented the “ligand”, or that the concentrations of BMP2-HBP or soluble heparin
favour a dissociated state that rapidly negates any affinity under flow/salt siress.
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CONCLUSIONS

The use of a preosteoblast-derived ECM substrate provided us with a useful model
for simulating the activity of natively secreted, ECM-associated GAGs in relation to
such ostecinduction. Though numerous previous studies have examined the role that
this native interaction has in modulating the activity of BMP2, this has usually been
conducted at the level of the cytokine, rather than with a view to exploring the
sequence specificity of the biomodulating GAGs.

Hence here we sought to exploit the availability of natively secreted GAGs in the
MX substrate and their potential for direct, sequence-specific interaction and
modulation of BMP2-induced C2C12 myoblast commitment to the osteogenic
lineage.

Anion Exchange

The use of this particular standard and well characterised protocol provided us with
conclusive evidence for GAG accessibility from the NH,OH-treated MX substrate.
Qur initial concerns were centred around the harsh chemical treatment used to lyse
the celiular components of the ECM, and that this may have also resulted in the
stripping of the majority of GAGs from the ECM. However, the significant, high affinity
peak observed in the anion exchange chromatogram clearly illustrates the retention
of a large quantity of GAGs within the MX substrate. While this particular
methodology does not allow for the identification of individual GAG species, it does
offer conclusive evidence of their presence in the sample due to their being amongst
the most negatively-charged molecules secreted by cells.

BMP2-HBP Column System

Previous research into the functional role of the BMP2 heparin-binding peptide
provided us with a useful tool to investigate the potentially specific interaction that
BMP2 has with GAGs. This single string of amino acids, located at the N-terminus

of each BMP2 monomer, appears to be solely responsible for mediating BMP2's
affinity for GAGs.

We thus investigated the use of this region of the BMP2 molecule as a ligand “bait” in
attempts to retain those GAG chains that carried relative affinily for the cytokine. The
use of the BMP2-HBP in this manner resulted in a significant retention of HS fo the
peptide column (GAG+).
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Column Preparation

Using an N-terminal biotinylated HBF we prepared a BMP2-HBP affinity
chromatography column, and were able to successiully retain GAG samples that
were candidates for confrolling the native BMP2 homodimer. Initial preparations of
the column highlighted some interesting problems. Preparations of bictinylated
BMP2-HBP that were premixed with tGAGs showed an inability fo bind to the
column. As later tests showed that the BMP2-HBP easily aftached to the streptavidin
column when loaded on its own this result indicated that the GAGs interfered with the
ability of the peptide’s biotinylation site to associate with the streptavidin column. The
tGAGs themselves carried no affinity for the streptavidin, indicating that the direct

interaction with the BMP2-HBP, possibly via steric hindrance, was responsible for
this.

Column Optimisation

Without any direct information that would aliow us to estimate the binding capacities
of GAG+ sugars in our samples, our peptide column needed to be optimised to
ensure that excessive sample loading would not lead to column saturation and
consequent sample loss. This initially involved intentionally saturaling the column in
order to examine the binding capacity of a known quantity of BMP2-HBP. Even with a
large quantity of t{GAGs the peptide was capable of retaining the majority of GAG+
sugar chains. Under these conditions as little as 1 mg of BMP2-HBP was able to
completely retain all GAG+ chains within two cycles. The column thus appeared fo
“simulate” a true BMP2 growth factor column and provide an extremely efficient way
of exiracting GAG+ samples.

The optimisation of peptide-based columns for specific GAG isolationis a

complex procedure that varies greatly depending on the size and individual chemical
characteristics of the protein used. Previous studies, utilising FGF-1 and 2 growth
factor columns (Turnbull and Nurcombe, personal communication), alsc showed a
significant need for continual column maintenance and short viable column life-
spans. These studies demonstrate the laborious nature of working with pepiide
columns and the care that must be taken to correctly optimise this manner of system.
Unfortunately, while other systems for the analysis of specific protein-GAG
interactions exist, thase generally lack the capacity to isolate sufficient quantities of
GAGs for further analysis, making them inappropriate for our intended course of
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study,

GAG Domain Analysis

GAG sulfation patterns are, particularly in the case of heparan sulfate (HS),
frequently concentrated into domains of high suifation that are interspaced with
regions of little sulfation. This grouping of sulfation sites intc domains is what
provides region-specific binding of ligands to the GAG chain, allowing a single

sugar molecule to potentially bind a variety of different targets, and to stabilise

the interaction between these, as is seen in the FGF system. Exceptions to this
proposed model for HS-ligand interactions include the interaction between interferon
gamma (IFNy) and heparan sulfate. In this instance the interaction between the GAG
and IFNy leads to an increased potency of the cytekine. [FNy that remains
dissociated from local GAGs is rapidly processed into an inactive form, thereby
preventing its signaliing in inappropriate areas after diffusion. IFNy also displays four
separate heparin-binding domains, each with a different sequence, a finding not

unusual for heparin-binding proteins. However, only two domains found immediately
at the C-terminus of the protein have been shown to mediate INFY's heparin-binding
characteristics. Importantly, sequence analysis of the HS sequence with specific
affinity for these two [FNy heparin-binding sites revealed an interesting difference in
comparison to the commonly observed model of HS-ligand interaction. {n this case,
the sequence of HS responsible for the binding of IFNy was found to be composed of
a predominantly N-acetyiated region, carrying little sulfation. This region was flanked
by two small N-sulfated regions. This differs significantly with the system observed in
FGF, where sulfation patterns in NS domains are responsible for mediating the
interaction between FGF and HS. In recent years, this type of interaction has been
observed in numerous other sysiems, such as PDGF, IL.-8 and endostatin. The
discovery of this kind of interaction with HS, as observed in these cytokines, may be
able to explain the biocactivity observed in hyaluronan, which carries no sulfation
patterns at any point along its chain and yet has the ability to modulate the activity of
such factors as NF-KB.

These observed interactions between ligands and GAGs, in particular that of

I[FNy, differ significantly to the proposed, and our observed, mode of interaction
between HS and BMP2. BMP2's single, N-terminal heparin-binding domain exhibits
no secondary structure and appears to interact with HS solely on the basis of charge.
While in-depth sequence analysis of HS that binds this peptide sequence was not
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conducted, its requirement to be eluted under approximately 3060 mM NaCl
conditions lead us to suspect the presence of a moderate degree of sulfation, thereby
placing this interaction within the conventional model of sulfation patterns mediating
specific interactions.

GAG+ Chain Specificity

The allocation of sulfation patterns into domains that give HS its ability to stabilise
proteomic interactions also resuits in the possibility that a GAG+ sugar chain of
sufficient length and complexity may carry several domains that have no direct
affinity for the BMP2-HBP on their own, due {o their carrying a different sulfation
sequence. Conversely, it is also possible that some full-length sugar chains that were
identified as having litlie affinity for the BMP2-HBP (GAG-) may contain some cryptic
domains that do carry such affinity.

In recent years, numerous reports have been published that provide strong evidence
for a “sulfation code” within these complex carbohydrate chains. While the details of
this “sulfation code” remain difficult to elucidate, and the sequencing of long chains of
sulfated carbohydrates is a complex and time consuming process, a number of
possible modes of specific interaction between GAGs and ligands have been
proposed. One observation in particular has led to the characterisation of numerous
GAG-ligand models; the grouping of sulfation into discrete regions, or “domains’,
along the length of many types of GAGs, such as heparan sulfate. Interestingly no
template for this phenomenon has yet been observed, and it appears to be primarily
a result of the temporal activity of the sulfotransferase enzymes responsible for this
phase of GAG synthesis.

Particuiarly useful tools in the study of specific GAG sequences are a number of
heparin lyases that can be used to examine targeted depolymerisation of complex
carbohydrate chains, thereby providing insight inte their structure. One particular
heparan lyase, heparinase Il (heparitinase), cleaves heparin sulfate chains at sites
flanking the highly sulfated domains that may occur in heparan sulfate chains. Thus,
using this enzyme, it is possible to liberate these potentially active regions from the
fult length sugar chains and separate them, if they function as single domains, via
affinity chromatography, from regions with no specific affinity for the BMP2-HBP.

It is important to note that, in the case of GAG-ligand interactions, affinity by
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sequence does not necessarily guarantee bioactivity. The mode of activity mediated
by GAGs during their association with their various ligands differs greatly depending
on the system. In some instances where the sugar chain is responsible for prolonging
protein-protein interaction via stabilisation of tertiary protein structures, such as is
found between FGF and its receptor, and the interaction between HGF/SF and Met,
multiple discrete sulfation regions may be involved in mediating the intended
bioactivity of the sugar chain. In such instances the isolation of individual sulfated
domains from a full length carbohydrate chain may, in fact, result in an inhibition of
sugar bicactivity since though each “domain-fragment” stili binds its intended target it
is unable fo mediate the intended biological effect of a combined full length
carbohydrate chain.

interestingly, this particular characteristic of GAG-ligand interactions is precisely
what makes this manner of approach useful for modulating BMP2 activity. The
proposed model for GAG modulation of BMP2 bioactivity involves immobilization of
the cytokine to GAGs in the ECM or on the cell surfaces. In this type of system the
application of exogenous GAGs specific to the heparin-binding domain of BMP2
would prevent this interaction, increasing short term BMP2 mediated signalling,
similar to the effect observed during the addition of soluble heparin. While there is
some indication that this manner of interaction would continue to protect the cytokine
from proteolytic degradation, delocalization of BMP2 from its intended region of

bioactivity has the potential to negatively impact the cytokines effectiveness in the
long term.

Control testing of our full length GAG+ and GAG- chains resulted in similar profiles to
those observed during their primary separation. Analysis of GAG+ and GAG- chains
post treatment with heparinase [, however, gave surprising results. The digestion of
GAG+ chains did not seem to generate separable fragments based on simple affinity
for the BMP2-HBP. Fusthermore, the digestion of full length GAG- chains yielded no
liberation of positive domains from the negative sugar chains. There is some
possibility that the enzymatic digestion did not go to completion. However, the
resulting chromatogram clearly showed a large increase in the absorbance at 232 nm
when compared to the full length GAG chains. As a large proportion of the
absorbance of glycosaminoglycans at 232nm is mediated via absorbance of
unsaturated bonds, such as those formed during enzymatic depolymerisation, it
strongly indicates that the enzymatic digestion was, in fact, successful.
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The implications of this result are somewhat unusual. This data suggests that GAG
chains are not only synthesised by cells to specifically interact with BMP2, but that, in
the case of MC3T3 cells, these sugar chains carry a number of sequence repeats
specific for aspects of BMP2 metabolism. The fact that BMP2 is an extremely potent
factor may offer an explanation for this observation. The effects of BMPZ2 on the
ostecinduction of mesenchymal progenitor cells is well documented, as is its ability to
induce ectopic bone formation in cells that are even more removed fram the
osteogenic lineage. Given this potency, aberrant signalling of BMP2 is known to have
deleterious consequences both for healing and in development. It is possible that
numerous repeats of the BMP2-HBP interaction sequence on preasteoblast GAGs
are designed fo ensure a maximal binding, and thereby the modulation, of this
cytokine's ability to induce altered cell fate. Conversely, the exiremely low
concentrations of BMP2 produced in vivo may alse require this type of sugar chain
oroduction in order {o ensure the retention of a sufficient local concentration, an
observation supported by the extremely high concentrations of BMP2 required in vitro
o induce the osteogenic differentiation of C2C12 myoblast celis.

Of particular interest is the fact that this repetition of BMP2-binding domains is
produced via a synthesis pathway for which no template or timing mechanism has
vet been elucidated. The accuracy and reproducibifity of sequence specific domains
within a single sugar chain {as opposed fo the random clustering of such domains
with those against other ligands) strongly suggests that these cells do, in fact, have
the ability to direct the generation of specific sugar sequences. The-current
understanding of HS structure implicates the progressive post-synthesis “editing” of
the carbohydrate chain in the generation of sequence-specific regions, with
observations pointing tfowards some manner of enzymatic “template”, whereby the
iocal concentrations of particular sulfotransferases as well as other interacting
molecules are used to directly contrel the generation of specific sugar sequences.
Our current understanding of this mode of specific synthesis is largely formulated
based on numerous studies including those by Lindahl et al. that investigated the
high affinity interaction between antithrombin 1l and heparin, and those by Esko et al.
involving Chinese hamster ovary (CHO) cell mutants with altered GAG synthesis
pathways. These studies, while varying significantly in their approaches to GAG
analysis, all point towards a highly conserved system of specific GAG synthesis,

for the directed modulation of cytokine and receptor activity. imporiantly, these
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studies also serve to explain the potential generation of such BMP2 repeats as
were cbserved in our study.

GAG+ Constitution

Full Length GAG+ Size

The bioactivity of individual GAGs chains for FGFs is closely related to carbohydrate
chain length. A common approach to assessing GAG bioactivily is to assay aver

shorter sulfated domain fragments and so determine the shortest possible sequence
reguired to mediate the activity observed.

Using this approach we first examined full length GAG+ sugar chains, and
determined that they were >20K0a in size, long enough to carry muitiple domains
with affinity for BMP2. Interestingly, this ohservation provided support for the earlier
observation that GAG+ samples treated with heparinase 3 showed multiple repeats
of carbohydrate chain segments with a specific affinity for BMP2, since a variably
sulfated sugar chain of this size has the capacity to carry numerous sulfated
domains.

GAGH+ Sugar Species

With the majority of the five glycosaminoglycan types that constitute the “glycome”
able to encode the observed specific interactions with BMPZ, it was necessary {o
elucidate which of these GAG types could be involved in this specific asscciation.
Although the prime candidate for this interaction is 2 heparan sulfate, analogous
growth factor interactions have also been identified for chondroitin and dermatan
sulfates.

Haeparan sulfate can be fotally depolymerised info ifs disaccharide components with
nitrous acid. This particutar characteristic, shared with heparin and keratan sulfats, is
essential for the analysis of specific GAG populations. In the case of our analysis of
the carbohydrate constituents of our GAGT samples, degradation due to nitrous acid
was diagnostic of heparan sulfate. This probability is primarily due fo its heparan
sulfate’s higher degree of charge patlerning via sulfation in comparison to either
heparin or keratan sulfate. Ultimately, this charge patterning is responsible for
BMP2's specific interaction with HS.

Cur analysis utilising the nifrous acid protocol showed a complete degradation of the



10

15

20

25

35

53

GAG+ sample set indicating that the majority of sugars in the GAG+ sample set were
in fact 1,3-linked and, thus, were heparan sulfate. This result supports the numerous
cbservations in regards {o the specificity of heparan sulfate cytokine interactions,
particularly the interaction that BMP2 exhibits with heparin and HS.

GAG Species Analysis

BMP2Z-HBP Specific CAGs (Allernative Species)

The small remnant peak that was observed after the degradation of GAG+ samples
by nitrous acid supports the possibility that other sulfated GAGs carrying some
specific affinity for BMP2 may be found in the GAG+ sample sel. Given our current
vnderstanding of the role of sulfation in medialing the interaction beween GAGs and
BMP2, chondroiting and dermatans are the most likely alternative sugars to show a

specHic interaction with BMP2 as these show the highest potential diversity in
sulfation pafterns.

A methodology frequently employed for GAG analysis includes examining the role of
individual sulfation positions on GAG-ligand interactions. This method of analysis
gives an indication of the importance of individual sulfation positions in maintaining
the interaction between the GAG chain and its specific target. Furthermore, since the
different species of GAGs only have the polential fo carry sulfation patterns specific
to their specias, this can ald in narrowing the possible glycosaminogiycan candidates
that may show an affinity for a specific ligand.

To this end we examined the affinity for the BMP2-HBP carried by variably sulfated
C8 chains, C48 and 065, and standard D8, Interestingly, only C48 carried any
significant affinity for the BMP2-HBP. This data indicates that it is likely that the 4-0-
sulfation is necessary for C8 {o interact with the BMP2-HBP. Interestingly, dermatan
sulfate showed no affinity for the BMP2-HEP. This observation is of inferest since DS
is the only CS species that demonstrates diversity in sulfation similar to that of HS.
Furthermore, our abservations indicate a possibility that the epimerisation of GlcA to
ldoA in DS compromises the ability of this sugar type to bind the BMP2-HBP. Both
C48 and DS are able to carry 4-O-suifation, yet only small quantities of DS were
retained on the column in comparison {o C43, Alternatively, this lack of affinity may
simply be due to this particular batch of DS not carrying sufficient 4-O-sulfation to
effectively mediate binding to the BMPZ-HBP. Interestingly, these particular
observations appear o demonstrate an interaction between BMPZ and C8 carnrying
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4-O-sulfation. While previous studies have investigated the use of CS-BMP2
interactions in drug delivery systems, not much is known about any sequence
specific interaction between individual CS species and BMP2. However, since HS
chains are composed of 1,4-linked disaccharide uniis, the observed 4-O-sulfation
responsible for CS-BMP2 interactions is not found in HS-BMP2 inieractions, pointing
to a sequence specific interaction not found in CS, Thus it is likely that the remnant
peak ohserved post-nitrous acid treatment may contain small quantities of 4-O-
sulfate carrying C48 or DS,

Further investigation revealed that neither commercial HS nor heparin held any
significant affinity for the pepiide column. The HS used for this assay was purchased
commercially from Sigma-Aldrich and was derived from bovine kidney. Given what is
known about the tissue specificity of HS it is possible that this commercially available
HS, isolated from bovine kidney sources, carried negligible carbohydrate sequences
required to specifically mediate an interaction with BMP2. Similarly neither LMW nor
HMW heparin showed any affinity for the peptide column. The heparin used for this
analysis was also purchased fram Sigma-Aldrich, and was derived from porcine
intestinal mucosa. '

While heparin's interaction with antithrombin Il has been weli characterised, and
notwithstanding its versafile role in the isolation of susceptible molecules, heparin's
interaction with growth factors is not, in general, regarded to be specific due to its
uniform sulfation. However, given that heparin is routinely used to isolate BMPZ2, itis
somewhat surprising that neither of the heparin samples interacted with the peptide
column {o any significant degree. -

A further possibility for this lack of interaction between the peptide column and
heparin (s due to the difference in molecular weights between the two molecules. The
srﬁall BMP2-HBP attached {o the column may have difficulty in maintaining its
association with the larger, heavily suifated heparin chain. The inability of
heparinase-cleaved heparin to bind the column, however, appeared to indicate

that the steric effects of using full length heparin on the column were not solely
responsible for disrupting the potential interaction between the sugars and the BMP2-
HBP. There is no immediately apparent reason for this inability for commercial
heparin to associate with the BMP2-HBP column, though it may be postulated that
further spatial separation of the BMP2-HBP from its associated bead via spacer
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chains may help to ameliorate this problem,

SUMMARY

in this study we have demonstrated the use of affinity chromatography 1o isolate a
subset of glycosaminoglycans that carry a specific affinity for the BMP2-HBP, and
have shown the potential for this procedure to yield reproducible results. During this
portion of our investigation into the interaction between matrix based GAGs and
BMP2, we have made several observations with regards to both the type of GAGs
involved in mediating this association and their structure.

Qur results have implicated heparan suifate for mediating the majority of the
affinity BMP2 has for the preosteoblast ECI, an interaction which is increasingly
recognised as being responsible for the modulation of BMP2 activity. Furthermore,
our investigation into the likely structure of the ECM-resident GAGs isolated on the
hasis of their affinity for the BMP2 heparin-binding site have yielded a surprising
result.

Cur dats indicates that full length BMP2 GAG+ chains do not consist of individual
domains with specific affinity for BMP2 interspersed with regions of little or no affinity
for the factor. Instead, our results imply that these GAG+ chains consist of multiple
BMP2-binding domain repeats. This result is surprising on several levels. Firstly, the
repetition required to fulfil this observation over the full length of a >20kDa
carbohydrate chain peints {o the presence of some manner of synthetic template.
Indeed, while previous studies have been unable to derive a template for the
assembly of tissue-specific GAG chains, the very fact that such specificity exisis
supports the presence of a template-based system. Although no genomic template
has been elucidated for this process there exists some possibility of a proteomic,
perhaps enzymatic, template,

Secondly, this ohservation provides some evidence as {0 the importance of the
interaction between BMP2 and GAGs. Multiple repeats of the BMP2 affinity site along
the length of the carbohydrate chain may be required to ensure maximal binding of
BMPZ to the ECM. This particular association has been shown io significantly
lengthen the facior's half life, as well as probably being responsible for mainiaining a
significant local concentration in order to maintain signalling. Alternatively, some
studies have proposed a model whereby BMPZ2 is spatially inhibited from interaciing
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with its receptors due to the interactions with ECM-based GAGs. In this particular
scenario the repetition of BMP2 affinity sequences would ensure a maximal binding
of the factor, thus reducing the chance of it interacting with its receptors.

Our cumulative resuits indicated that this system for the isolation of GAGs from the
ECM is viable and likely to yield GAG chains that have a specific affinity for BMP2.

This study supports previous findings in regards to the interaction between GAGs
and BMP2, Although the prevention of BMP2 associating with the ECM in vitro
through the addition of exogencous GAG+ appears fo increase BMP2 signalling

and upregulates osteogenic gene expression, observations to the contrary have
also reported. In these studies, in vivo examination of BMP2's modulation via the
HBP showed a distinct improvement in long ferm ostecgenesis when the association
with ECM GAGs was increased. |t is possible that this interaction plays a major role
in maintaining local concentrations by preventing the factor from diffusing away from
its sites of primary activity. In light of these studies and our own observations, we
propose that BMP2's activity is both positively and negatively regulated by its
association with GAGs. Negative regulation may occur precisely via the model
proposed by Katagiri and colleagues, whereby the retention of BMP2 in the ECM,
away from its receptors, leads to a downregulation of BMP2 signalling. However,
cells that require signalling by this factor may potentially secrete various enzymes to
remodel extracellular sugar chains, such as sulfatases and heparinases, in order

to “clip away” GAGs retaining BMP2 in the ECM, thereby liberating the factor and
allowing it to signal, leading to the BMP2-ECM interaction ultimately becoming

one of positive maintenance of the cyiokine’s activity. Alternatively, negative
regulation of BMP2 by cell surface GAGs, may be via the internalisation of GAG
chains with their associated BMP2 molecules, as has been observed by Jiao and
colleagues.

These previous studies, in conjunction with our own observations, have lead us te
conclude that the sequence-specific interplay between BMP2 and heparin sulfate
represents an intricate confrol mechanism that has the capacity to both positively and
negatively regulate BMP2 signaling. Physiologically this interaction is responsibie for
enforcing context dependent responses o this potent cytokine in respect to many
facets of embryonic deveiopment, precursor commitment and wound healing.
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Example 2 - Purification of BMP2 Peptide Specific HS

We used a peptide having heparin-binding properties from the mature BMP-2
sequence to identify novel HS that bind to the peptide.

Mature BMP-2 amino acid sequence:
QAKHKQRKRLKSSCKRHPLYVDFSDVYGWNDWIVAPPGYHAFYCHGECPFPLADHL
NSTNHAIVQTLVNSVNSKIPKACCVPTELSAISMLYLDENEKVVLKNYQDMVVEGCG
CR [SEQ ID NO: 14]

Heparin-binding peptide amino acid sequence:
QAKHKQRKRLKSSCKRHP [SEQ ID NO: 1]

To replicate the natural presentation of the heparin-binding site we biotinylated the
peptide on it's C-terminus and kept the proline (P) fo improve the
flexibility/accessibility of the peptide once bound to the streptavidin column.

Isolation of BMP2 peptide specific HS

Materials used included a BMP2 — peptide coupled Streptavidin column, HiPrep
Desalting Column (GE Healthcare), 20 mM PBS + 150 mM NaCl (Low Salt Buffer),
20 mM PBS + 1.5 M NaCl (High Salt Buffer), HPLC grade Water (Sigma), Biologic-
Duoflow Chromategraphy system (Bio-Rad) and a Freeze Drier.

The column was equilibrated with Low Salt buffer and 1mg Sigma HS (H9902) was
dissolved in low salt buffer and passed through the BMP2-Streptavidin cofumn.
Unbound media components were removed from the column by washing low salt
buffer (20 mM PBS, pH 7.2, 150 mM NaCl) until the absorbance of the effluent at 232
nm almost return to zero. HS bound to the mafrix was eluted with high salt buffer (20
mM PBS, pH 7.2, 1.5 M NaCl). Peak fractions were pooled and freeze dried for 48
hrs.

HS 1 mg was apptied to the column and washed with 20 mM PBS buffer containing a
low (150 mM) NaCl concentration. After washing with low salt buffer, the bound HS
were eluted with 20 mM PBS buffer containing a high {1.5 M) NaCl concentration.
Peaks representing retained fractions (monitored at 232 nm) were collected and
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subjected to further desalling.

After freeze drving 6 mg of positive HS (GAG+) and 1.8 mg of negative HS (GAG-)
were oblained.

Exampie 3 - Evaluation of BMP-2 specific heparan sulfates

C2C12 are mouse mesenchymal stem cells normally exhibiting myogenic
differentiation but capable of being directed in the osteogenic lineage with
supplementation of BMP-2 at passage 3. C2C12 cells af passage 3 were mainfained
in DMEM with 1000 g/L glucose (low glucose), 10 % of FCS, 1 % of P/S and without
L-glutamine {maintenance media}.

DMEM with 1000 g/L. giucose (low glucese), 5 % of FCS, 1 % of P/S and without L-
glutamine was used as differentiation media,

Effect of BMP-2 on osteogenesis

We evaluated the effects of excgenous BMP-2 on osteogenesis by measuring the
levels of expression of osteogenic markers {osteocalcin, osterix, Runx2).

Through assaying the effect of addition of different amounts (100ng/ml and 300ng/mi)
of BMP-2 to the cells we observed a significant decrease at day 5 in the expression
of osterix, osteocalcin and Runx2 in cells having 100ng/mi BMP-2 compared fo
addition of 300ng/mi BMP-2 (Fig.s 27-29). Thus we chose this time point for future
tasts, as any changes should be readily observable,

Materials and Methods

(2012 cells at passage 3 were used. Cells were kept in liquid Nitrogen at Passage
3 with 1x10° cellsivial. Once cells were taken from liquid Nitrogen, we added 500 ui
of culture media, pipetted up and down to refreeze the cells and immediately added
15mi of culture media,

Culture media was DMEM with 1000 g/L. glucose (low glucose}, 10 % of FCS, 1 % of
P8 and without L-glutamine. Treatment media was DMEM with 1000 g/L. glucose
(low glucose), 5 % of FCS, 1 % of P/S and without L-glutamine,
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C2C12 cells were allowed to grow to 75 % confluence before harvesting (normally 2
io 3 days) in culiure media.

Cells were counted as follows. Media was first aspirated/discarded; 15 mi of PBS
added, discard the PBS and add 3 mi of trypsin, incubate at 37°C for & min to liff the
cells from the flask. 9 mi of culiure media added to nsutralize the trypsin. GUAVA
used to determine the amount of cells for subsequent cell seeding onto the
experiment plates. For example, for 3 sets of 12-weli plates 30,000 cells x 36 wells
x 3.7 cm® = 4, 000, 000 cells. Dilute the cells from the stock and add the desired
amount of culiure media for cell seeding (each well requiring 500 pl of media with
30,000 ceiis).

To prepare BMP2 stock 10 ug rhBMP2 (Bone Morphogenetic Protein 2) was re-
suspended in 100 il of 4mM HCI/ 0.1 % BSA,

The following RNA extraction protoco! was used. 350 yl of RAT buffer was used for
cell lysis. Cells were frozen with RAT at -80°C for one day after which cells were
thawed and the lysate filtered for 1 min at 11,000 g. The filirate was mixed with 350
1l 70 % ethanol in 1.5 mi tubes and centrifuged for 30s at 11,000 g. 350 il of MDB
buffer was added and the mixture centrifuged for 1 min af 11,000 g. 95 pi of Dnase
reaction mixture added and mixture left at room femperature for at feast 15 min. Then
wash with 200 pi of RAZ buffer (fo deaclivate the Dnase), and centrifuge for 30s at
11,000 g. Wash with 800 ul of RA3 buffer, centrifuge for 30 second at 11,000 g.
Wash with 250 it of RA3 buffer, centrifuge for 2 min at 11,000 g. Elute the RNA with
60 pl of Rnase-free H,0, centrifuge for 1 min at 11,000 g. Measure the concentration
using Nanodrop (unit in ng/ul).

RT (reverse-transcription) experiments were performed as follows. The following
were mixed in a PCR tube: Random Primer (0.7 pb), DNTP (1 ul), RNA {(250/500 ng),
Rnase-Free HpO (topped up to a final volurme of 13 pl). Incubate at 65°C for 5 min,
Incubate on ice forat least 1 min. Collect the contents and centrifuge briefly before
adding: 1% Strand Buffer (4 pb), DTT (1 ul), RnaseQUT (1 ul), 85I Reverse (1ui).
Top up o final volume of 20 W, Mix by pipetting up and down. Incubate at room
temperature for 5 min. Incubate at 50°C for 80 mins. Inactivate the reaction at 70°C
for 15 min.
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Reverse-transcription experimenis were performed twice on separate days and the
PCR products pooled together and diluted to a final concentration of 2.5 ng/ul for
subsequent Real-Time PCR.

The Real-Time PCR was performed using a TaqgMan® Fast Universal PCR master
Mix (2X) (Applied Biosystem). PCR master Mix (10 ul}, ABI probe (1 uf}, cDNA (1 ),
ddH,Q (8 pl). GAPDH and Beta actin were used as control genes against the
experimental targets OSX (osterix), OCN ( Osteocalcin) and Runx2.,

Effect of BMP-2 specific HS GAG+ on osteogenesis

We evaluated the effects of the BMP-2 specific HS (GAGH) isolated in Example 2 on

osteogenesis by measuring the levels of expression of ostecgenic markers (osterix,

"Runx2, alkaline phosphatase and Bspll} by quantitative polymerase chain reaction

{(gPCR). A time course was prepared to compare the expression of the markers over
a course of 10 days to compare the control to a low and a high dose of BMP-2, the
high dose being the optimal conditions to induce differentiation of the cells.

Materials and methods

Cells were seeded at 30,000 cell/cm® in maintenance media and left to attach
overnight. The following day we switched to differentiation media with:

« No additives

s 100ng/ml BMP-2 (positive control)

* 100ng/m! BMP-2 + 30pg/ml ~GAG (Neg GAGs)

» 100ng/ml BMP-2 + 30ug/mi +GAG (Pos GAGs)

« 100ng/ml BMP-2 + 30ug/m! Heparin (Sigma # H3149)

» 100ng/ml BMP-2 + 30pg/ml Total Heparan Sulfate (Sigma # H8902 — HS prior
to fractionation)

The carbohydrates and BMP-2 were mixed together in the smallest volume possible
and incubated at room temperature for 30 minutes before their addition to the media
and on the ceils.
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After § days, RNA was extracted using the Macherey-Nagel kits and Reverse-
Transeription was performed.

As we show in Fig.s 30-33, the Heparan sulfate frorn porcine mucosa (Total HS) can
increase the activity of BMP-2 (shown through GAG+ induced increases in the
expression of Alkaline Phosphatase, osterix, Bspll and Runx2) and this activity is
contained within the fraction that binds BMPZ (Pos GAGs). This means that we can
isoiafe the BMP enhancing fraction of a commercial HS by passing them on the
BMP-HBD peptide column.

Example 4

MC3T3-E1 (s14) preostecblast cells (a mouse embryo calvaria fibrobiast celi line
established from the calvaria of an embryo) were expanded in oMEM media
supplemented with 10% FCS, 2 mM L~glutamine, 1 mM sodium pyruvate and
Panicillin/Streptomycin every 72 hours until sufficient cells were generated for plating.
The cells were differentiated by plating at 5 x 10* celis/om? in aMEM media
supplemenied with 10% FGS, 2 mM L-glutamine, 25 ug/ml ascorbic acid, 10 mM B-
alvcerol phosphate and Penicitlin/Streptomyein. The media was changed every 72
hours for 8 days at which point the cells and media were harvested. The media was
retained and clarified by high speed centrifuéation and filtration through 2 0.4 ym
filter. The cell iaver was disrupted using a cell scraper and an extraction buffer
containing PBS (150 mM NaCl wio Ca® and Mg®"), 1% CHAPS, 8 M Urea and
(.02% NaNs.

At all stages {unless otherwise stated), samples were clarified before loading onto
column systems. This process included high speed centrifugation at 5000g for 30
min, and filtration through a 0.4 um syringe filter. The samples were always clarified
directly prior to loading through the column system to prevent precipitates forming i
stagnant solutions.

Anion exchange chromatography was used fo isolate proteoglycosaminoglycan
{PGAG) fractions from both the media and cell layer samples. In each case, the
media or cell laver samples were run through a Pharmacia XK 26 (56-1053-34)
column packed with Caplo Q Anion Exchange Beads (Biorad) at a flow rate of 5
mi/min on a Biologic DuoFlow system (Biorad) using a QuadTec UV-Vis detector.
The samples were loaded in a low salt buffer containing PBS (150 mM NaCl w/o Ca**
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and Mg®), 100 mM NaCl, 0.02% NaN; at pH 7.3. The samples were eluted in a high
salt buffer containing PBS (150 mM NaCl wio Ca®* and Mg®"), 850 mM NaCl and
(.02% NaNj; at pH 7.3. The relevant fractions were collected and pooled into a single
PGAG sampie and lyophilized in preparation for desalting.

The PGAG sample was desalted through four sequentially joined Pharmacia
HiPrep™ 26/10 {17-5087-01) columns at a flow rate of 10 mi/min on a Bisiogic
BuoFiow system (Biorad) using a QuadTec UV-Vis detector. The relevant fractions
were collecied and pooled into a single sample set and lyophilized in preparation for
further treatment.

in the fourth step, the PGAG sample set oblained from the desalling procedure was
subjected fo a pronase and neuraminidase freatment, in order to digest away cors
proteins and to subsequerntily liberate GAG chains. In this respect, lyophilized PGAG
samples were resuspended in a minimum volume of 25 mM sodium acetate {(pH 5.0)
and clarified by filtration through a 0.4 gm syringe filter. The otal sample volume was
dispensad inte 10 mi glass tubes in 500 i aliquots. To this aliguot was added 500 pi
of 1 mg/mil neuraminidase before the mixture was incubated for 4 hours at 37 °C.
Following incubation, 5 ml of 100 mM Tris-acetate (pH 8.0) was added to each
sarnple. An additional 1.2 mil of 10 mg/mi pronase, reconstituted in 500 mM Tris-
acetate and 50 mM calcium acetate (pH 8.0), was added to each sample before the
mixture was incubated for 24 hrs at 36°C. Foliowing this treatment, all volumes were

combined and prepared for anion exchange chromatography by centrifugation and
fitiration.

In a fifth step, the GAG sample isolated following protein cleavage was eluted
through a Pharmacia XK 26 {56-1053-34) column packed with Capto Q Anlon
Exchange Beads (Biorad) at a flow rate of 5 ml/min on a Biologic DuoFlow sysiem
{Biorad) using a QuadTec UV-Vis defector. In this respect, the sample was loaded in
a low salt buffer containing PBS (150 mM NaCl wio Ca®* and Mg®™) and 0.02% NaN;
at pH 7.3. The sample was eluted in a high salt buffer containing PBS {150 mM NaCl
wio Ca” and Mg®"), 850 mM NaCl and 0.02% Nal, at pH 7.3. The relevant fractions
were pooled, lvophilized and desalted as per the aforementioned protocel for -
desalting the PGAG sample.

N-terminal biotinylaied peplide (1 mg), corresponding to the heparin-binding domain
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of BMP-2, and comprising an amino acid sequence represented by
QAKHKQRKRLKSSCKRH [SEQ ID NO: 17], was mixed with low salt buffer
containing PBS (150 mM NaCl w/o Ca?® and Mg**). The mixture was eluted through a
column packed with a streptavidin-coated resin matrix. The column was then
exposed to a high salt buffer containing PBS (150 mM NaCi w/o Ca®** and Mg*®"), 850
mM NaCl and 0.02% NaNj; at pH 7.3, to ascertain whether, under those conditions
the peptide had bound securely to the matrix. No substantial loss of peptide from the
column was observed. The column was subsequently washed with the low salf buffer
in preparation for sample loading.

The GAG mixture (2 mg), isolated using the procedure outlined in Example 1, was
suspended in low salt sodium phosphéte buffer (1 mL}), and loaded onto the peptide
column of Example 2. The sampie was eluted with a low salt buffer containing PBS
(150 mM NaCl wio Ca*" and Mg®"). A peak corresponding to GAGs with negligible
BMP-2 affinity was observed in the UV-Vis detector trace. The column fractions
responsible for giving rise to this peak were combined. These fractions are known as
'GAG-' - the minus sign denoting the lack of affinity with the column. When it became
evident from the UV-Vis detector that the trace had flattened o the baseline, and that
no further oligosaccharide was eluting, the eluting solvent was changed to a high salt
buffer containing PBS (150 mM NaCl w/o Ca** and Mg™), 850 mM NaCl and 0.02%
NaN; at pH 7.3. Following this change in the eluting solvent, a peak corresponding to
BMP-2 specific GAGs was observed in the UV-Vis detector trace. The column
fractions responsible for giving rise to this peak were combined. These fractions are
known as 'GAG+' — the plus sign denoting the presence of affinity with the column. In
the case of GAG compounds sourced from preosteoblast cells, the GAG+ fraction
represented 10% of the overall GAG mixture.

Example 5

The addition of BMP2 has a clearly defined capacity to induce osteogenic
differentiation in C2C12 myoblasts. Similarly, the pre-incubation of BMP2 with
heparin has been shown to both extend the cytokines half life and its immediate
potency in vitro. Here we examined the capacity of GAG+ and GAG- fractions {o
augment the osteoinduction of C2C12 cells in vitro by BMP2.

The GAG+ sample from Example 4 (0, 10, 100, 1600 ngfml) was added to C2CI2
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myoblasts in vifro in the presence of BMP-2 (0, 50, 100 ng/mL). Measurement of the
relative expression of the osteocalcin gene indicated that the GAG+ sample was able
to potentiate BMP-2 to effect osteccalcin gene expression at levels of BMP-2 far
below those currently used in therapy (300 ng/mL). The results of this assay
(including calculated p-values and errors) are represented graphically in Figure 34 in
which the experimental conditions for each ‘cutture condition' are as follows:

1. Conftrol cells, no BMP-2 added, no GAG added
BMP-2 at 50 ng/mL
BMP-2 at 50 ng/mL, GAG+ at 10 ng/mbL
BMP-2 at 50 ng/mL, GAG+ at 100 ng/mL
BMP-2 at 50 ng/mL, GAG+ at 1000 ng/mL
BMP-2 at 100 ng/mL
BMP-2 at 100 ng/mL, GAG+ at 10 ng/mL
BMP-2 at 100 ng/mlL., GAG+ at 100 ng/mL
BMP-2 at 100 ng/ml., GAG+ at 1000 ng/ml.

© @ N oo A wN

Interestingly, while 1000 ng/m! of GAG+ is able to significantly augment BMP2
mediated osteocalcin expression, the addition of concentrations of GAG+ below 1000
ng/ml appear to progressively inhibit this expression. Furthermore, the addition of
sufficient GAG+ also managed to drive the induction of osteocalein by 50 ngfmi of
BMP2 above that of 100 ng/ml of BMF2 on its own, indicating the potency of this
interaction.

This cell culture based analysis demonstrated that the addition of GAG+ to C2C12
osteogenic cultures together with BMP2 resulted in a significant upregulation of
osteocalcin expression indicating an increase in BMP2 signalling efficacy. This resuit
supports the specific association of GAG+ chains with BMP2, thereby blocking the
BMP2-HBP and preventing its association with matrix-based PGAGs. The resulting
upregulation of osteogenic gene expression is comparable to that observed in
previous studies utilising heparin to achieve a similar effect. Interestingly, the addition
of concentrations of GAG+ that fall below 1000 ng/mi appear {o have an initially
antagonistic effect on BMP2 signalling.

One possible hypothesis to explain this observation revolves arcund the capacity
for a given number of GAG+ molecules to bind a certain number of BMP2 molecules.
Under conditions where no exogenous GAG+ is added to the culture system the



10

15

20

25

65

maijority of BMP2 molecules will be able fo associate with the ECM, thereby being
localised away from their cognate receptors and being unable to immediately initiate
signalling. Subsequent dissociation of BMP2 from the ECM, both spontaneously and
by targeted enzymatic alteration of their associated GAG chains, has the capacity to
induce long term BMP2 signalling. The addition of a large number of GAG+
molecules fo this system, as is the case in samples supplemented with 1000 ng/mt of
GAG+, permits the majority of BMP2 molecules to remain in solution where they are
free to mediate receptor dimerisation and induce downstream signalling. Both these
processes of cytokine/receptor interaction likely require particular concentration
thresholds in order maintain an efficient level of signalling. Under cuiture conditions
containing 50 ng/ml of BMP2, the addition of low concentrations of GAG+ allows for a
portion of the available cytokine to remain soluble while the remaining portion
associates with the ECM. Under these conditions only a small quantity of BMP2
remains soluble but, due fo its low concentration, becomes highly diffuse in the
media leading to negligible signalling. Similarly, due to a portion of the BMP2
remaining solubilised, a reduced quantity of BMF2 can be found in the ECM,
resulting in a decrease in signalling from BMP2 liberated from the ECM by direct
cellutar activity. However, under culture conditions containing 100 ng/mi of BMP2
the combined effects of soluble and ECM based BMP2 are, with the addition of

100 ng/ml of GAG+, sufficient to induce BMP2 signalling similar to control levels.
Without further study, however, the dynamics involved in BMP2/GAG+ signalling
remain unclear. Future studies utilising surface plasmon resonance may help
elucidate the efficiency of BMP2/GAG+ interactions and may aid in clarifying these
observations.

Example 6

The enzyme heparanase 3 was used to cleave GAG+ and GAG- sugar chains from
Example 4 according to the following method. GAG+ and GAG- were each treated
separately at a concentration of 4 mg/mL, with heparanase 3 (250 mU enzyme per
100 pg oligosaccharide) for 16 hours at 37°C. Subsequently, the mixture was heated
for 5 minutes at 70°C to inactivate the heparanase 3. The digested GAG+ and GAG-
mixtures were each subjected to thle peptide column separately. The UV-Vis detector
trace of each chromatographic run indicated that the digested material showed the
same affinity for the column as the undigested material.
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Claims:

1. A method of isolating heparan sulphate capable of specific and high affinity
binding to a protein having a heparin-binding domain, the method comprising:

(iy providing a solid support having peptide molecules adhered to the support,
wherein the peptide molecules comprise the heparin-binding domain and
optionally one or more additional amino acids at one or each of the N- and C-
terminal ends wherein the number of such additional amino acids is 1-20:

(it) contacting the peptide molecules with a glycosaminoglycan mixture enriched
for heparan sulphate stuch that peptide-heparan sulphate complexes form;

(iit) partitioning peptide-heparan sulphate complexes from the remainder of the
mixture which does not bind the heparin-binding domain, or does not
specifically bind the heparin-binding domain;

(iv) dissociating heparan sulphate from the peptide-heparan sulphate complexes;
and

(v) collecting the dissociated heparan sulphate, wherein the dissociated heparan
sulfate is enriched for molecules that are capable of specific and high affinity

binding to the heparin binding domain.

2. A method of identifying heparan sulphate capable of stimulating or inhibiting
growth and/or differentiation of cells and/or tissues, the method comprising:

(i) providing a solid support having peptide molecules adhered to the support,
wherein the peptide molecules comprise a heparin-binding domain and
optionally one or more additional amino acids at one or each of the N- and C-
terminal ends wherein the number of such additional amino acids is 1-20;

(i) contacting the peptide molecules with a glycosaminoglycan mixture enriched
for heparan sulphate such that peptide-heparan sulphate complexes form;

(i) partitioning peptide-heparan sulphate complexes from the mixture remainder
which does not bind the heparin-binding domain, or does not specifically bind
the heparin-binding domain;

(iv) dissociating heparan sulphate from the polypeptide-heparan sulphate
complexes;

(v) collecting the dissociated heparan sulphate, wherein the dissociated heparan
sulfate is enriched for molecules that are capable of specific and high affinity

binding to the heparin binding domain;
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(vi) adding the collected heparan sulphate to cells or tissues in which a protein
comprising the heparin-binding domain amino acid sequence is present; and

(vii) measuring one or more of: proliferation of the cells, differentiation of the cells,

expression of one or more protein markers.

3. The method of claim 1 or claim 2 wherein the method comprises selecting

heparan sulphate having the highest affinity and/or specificity for the heparin-binding
domain by varying a salt concentration present at the surface of the solid support.
4. The method of any one of claims 1 to 3 wherein the method comprises

obtaining heparan sulphate having a binding affinity for the peptide molecules of less
than 1uM.

5. The method of any one of claims 1 to 4 wherein the method further comprises

subjecting the collected heparan sulphate to further analysis in order fo determine

structural characteristics of the heparan sulphate.

8. The method of any one of claims 1 to 5 wherein the peptide-heparan sulphate

complexes are contacted with a lyase.

7. An isolated heparan sulphate when obtained by the method of any one of

claims 1 to 4.



