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Abstract

Introduction: The cornea is the clear window at the front of the eye. Its transparency is
due to the special arrangement of collagen fibrils, which constitute most of the cornea.
The precise regulation of the size and spacing of the fibrils is attributed to the
interactions between proteoglycans and collagen fibrils. Proteoglycans consist of
glycosaminoglycan chains attached to a protein core and in the cornea there are two
main types of chain: keratan sulphate and chondroitin/dermatan sulphate. Much
evidence has shown that these proteoglycans play different vital roles in the corneal

extracellular matrix in order to maintain the architecture of the cornea.

Hypothesis: The hypothesis of this research is that changes in the sulphation patterns of
the glycosaminoglycans are directly related to changes in ultrastructure, and hence

transparency of the cornea.

Aims: The aims of this research were to investigate glycosaminoglycan sulphation
patterns and collagen fibril ultrastructure from central to peripheral regions of the
cornea, and to gain a greater understanding in the effects of keratan sulphate and its

reliance on oxygen supply.

Methods: The bovine corneal extracellular matrix composition and collagen fibril
parameters (fibril diameter and interfibrillar spacing) were biochemically and
biophysically evaluated. This involved taking measurements of corneal thickness and
hydration, as well as the amount of hydroxyproline and sulphated glycosaminoglycan.
Immunolocalization of proteoglycan protein cores (lumican and keratocan) and specific
glycosaminoglycans, particularly their sulphation distribution were studied using
specific antibodies. Sulphation patterns of keratan sulphate were also quantified using
specific antibodies. Transmission electron microscopy coupled with synchrotron small
angle x-ray fibre diffraction was also employed to gain a greater understanding of the
corneas’ collagen fibril architecture and its interaction with glycosaminoglycans across

the depths of the cornea.




Results: The bovine cornea is thicker in the outer peripheral regions of the cornea and
accordingly an increased amount of hydroxyproline is found at this region of the tissue.
Keratan sulphate is predominantly found in the bovine cornea and is particularly
heavily sulphated across the cornea. The degree of sulphation of keratan sulphate
decreases at the outer peripheral regions of the cornea, which, interestingly, is where a
transition of collagen fibrils occurs in that fibrils become less uniformly arranged,
changes in fibril diameter are seen, and interfibrillar spacing values alter. Depth-
profiled synchrotron microbeam analyses show that at different radial positions, from
the corneal centre outwards, fibril diameter is greater superficially than in deep stromal
regions. This does not include Bowman’s layer which is below the spatial resolution of
the analysis. The mid-depth stroma has higher interfibrillar spacing than is seen in
posterior regions of the stroma, where fibril spacing appeared more compact. Previous
work has pointed to a link between glycosaminoglycan content and oxygen availability.
Work presented here indicates that in rabbit corneas, after 24 hr in 2% atmospheric O,
the glycosaminoglycan sulphation pattern changes significantly, with a significant

increase of the high sulphated epitope of keratan sulphate.

Conclusion: My data reveal that collagen fibrils in the central regions of the cornea are
more closely packed and uniform in diameter than those in the outer peripheral cornea,
and this may have potential implications for the transparency of the tissue. Stromal
architecture is likely governed by sulphated proteoglycans, and changes in the types
and sulphation patterns of corneal glycosaminoglycans from the corneal centre to
periphery might be linked to differences in collagen ultrastructure. Moreover, the
findings of differences in collagen fibril ultrastructure with depth through the cornea
are possibly linked to biochemical alterations in proteoglycans. Finally, it is
hypothesised that detrimental conditions, such as hypoxia after contact lens wear, might
have an effect on the type and sulphation status of glycosaminoglycan synthesized and

in vitro evidence for this is presented and discussed.
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Chapter 1: Introduction

(specialized cells located on the retina) and converted into electrical impulses, which
are then transmitted through the optic nerve to the brain, and translated to a visual

image (Berman, 1991).

1.1. The anatomy and physiology of the eye

The cornea and the sclera together form the outer covering of the eye and can withstand
both internal and external forces to maintain the shape of the eyeball and to protect the
contents from mechanical injury (Maurice, 1957; Komai and Ushiki, 1991). Unlike
other connective tissues, including sclera, the cornea is transparent. Anything that alters
the underlying structure of the cornea, such as external damage or swelling resulting
from the intraocular pressure exerted by fluid in the eye, can affect the mechanical and

optical properties and affect the function of the eye (Huang and Meek, 1999).

The cornea is a dome-shaped tissue that covers the iris, pupil and the anterior chamber.
It has a refractive index greater than air and is responsible for a large part of the optical
power of the eye. Typically the cornea accounts for 2/3 of the focussing of the eye; the

- lens produces the remaining optical power (Forrester et al., 2002). The adult human
cornea is approximately 11 mm in diameter (vertically), 0.52 mm thick at its central
portion, increasing slightly at the outer-peripheral-limbal region (0.67 mm) (also known
as corneoscleral junction; the region where the cornea meets the sclera) (Forrester et al.,
2002).

The central third of the cornea is also referred to as the optical zone (Waring, 1989) and
provides the majority of the cornea’s refractive function. The near-spherical optical
zone forms the foveal image (central vision) through the pupil and is often known as
the prepupillary cornea (Boote et al., 2003). The remaining peripheral part of the cornea

is less curved and serves mainly as a refractive surface for peripheral vision (Figure
1.2).
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Chapter 1: Introduction

Composition Structure Role
layer
Epithelium 5-6 cell layers that cover the surface  Block the passage of foreign material (e.g. dust, water
of the cornea and bacteria) into the eye
50-60um thick in man Provide a smooth surface to absorb oxygen and cell
nutrients from tears and then distribute these
Filled with tiny nerve endings that nutrients to the rest of the cornea
make the cornea extremely sensitive
to pain when rubbed or scratched Serves as a foundation on which the epithelial cells
organize and anchor themselves by a basement
membrane complex to a Bowman’s membrane
The attachment of the epithelial celis to the basement
membrane is thought to be mediated by
hemidesmosomes through anchoring filaments and
adhesive glycoprotein’s (e.g. laminin and fibronectin)
) B - o (Berman, 1991; Forrester et al., 2002) »
Bowman's 8-12um thick in adult human The role of Bowman'’s layer remains unclear, but it has
been hypothesised to act to maintain corneal
Transparent sheet of tissue structural integrity or as a barrier against viral
penetration
Consists of fine, randomly arranged
protein fibres (collagen; type |, lll, V
and VIl — anchoring filaments aiding
network of filaments adding
epithelial adhesion)
(Komai and Ushiki, 1991, Wilson and Hong, 2000)
Stroma Main layer of the cornea The transparency of the cornea is closely associated
with the regular spacing of the collagen fibres
Primarily composed of collagen (interfibillar distance), which in turn is regulated by
fibres orientated parallel to the glycosaminoglycans and proteoglycans forming
corneal surface bridges between the collagen fibrils
Between the collagen fibres, lay
keratocyte cells and are connected
by gap junctions to their
neighbouring cells and are arranged
in a corkscrew pattern (Mdaller, Pels and Vrensen, 1995; Forrester et al.,
S o 2002
Descemet’s Contains  fibronectin, type |V, These particular cells are essential in maintaining the

membrane and
endothelium

collagen and laminin

Type VIII collagen is also present,
which forms a hexagonal lattice

Thin layer comprising of
glycoprotein’s (e.g. fibronectin and
laminin), collagen and endothelial
cells (4-6um)

homeostasis of fluid and ions (e.g. Na* and CI') within
the stroma and aqueous humor, which are crucial to
the corneal dehydration and transparency

(Berman, 1991, Beuerman and Pedroza, 1996)

Table 1.1 A summary table of the different layers of the cornea.

From the forgoing description of the 5 distinct layers of the cornea, the corneal stroma

is the main layer (~500 pm thick, ~90% of the thickness of the cornea) and its ground
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Chapter 1: Introduction

substance mainly consists of water (~78%), but its main structural components include
collagen fibrils (~12-15% wet wt of tissue) and proteoglycans (~1-3% wet wt of tissue)
(Baum, Maurice and McCarey, 1984; Berman, 1991). Other components found in the

stroma include glycoprotiens, soluble proteins, lipids and keratocytes (Berman, 1991).

The cornea is avascular, but nerve axons and their associated Schwann cells are
occasionally observed in the anterior and mid stroma (Jalbert and Stapleton, 2005). The
stroma consists numerous bundles or lamellae (over 200 lamellae in man), of collagen
fibres. In the stroma, the lamella traverses a complete arc of the cornea and in each
lamella the collagen fibres are parallel and equidistant from each other. Transparency of
the cornea depends particularly on the degree of spatial order of its collagen fibrils
which are narrow in diameter and closely packed in a regular manner (Maurice, 1957).
The lamellae are denser, narrower (0.5-30 pm), thinner (0.2-1.2 pm) (Komai and
Ushiki, 1991) and more intertwined (McTigue, 1967) in the anterior third of the stroma,
compared to the posterior two thirds, where lamellae are wider (100-200 um) (Komai
and Ushiki, 1991), more parallel, orthogonally aligned (Meek and Quantock, 2001) and
can be up to 4 pm thick (McTigue, 1967; Komai and Ushiki, 1991). The collagen fibrils
- themselves are weak scatterers, as their fibril diameters are less than the wavelength of
light, and fibril refractive index is close to that of the ground substance (Goodfellow,
Elliott and Woolgar, 1978). The stromal keratocytes are irregularly found between

neighbouring lamellae and are designed to scatter minimal light.

1.3. Stromal collagen

Collagen is the most abundant protein in connective tissues. The maintenance of
structural strength of most connective tissues is controlled by collagen molecules,
which form the fibrillar elements found in the extracellular space of such tissues.
Currently, there are 28 different collagen types identified, which are encoded by at least
40 different genes (Prockop and Kivirikko, 1995; Fitzgerald and Bateman, 2001; Boot-
Handford et al., 2003; Gordon and Hahn, 2010) and exhibit characteristic tissue-
specific patterns of expression. Several of these collagens have been found in the eye
(Table 1.2). All collagens possess one or more triple helical domains. These domains

are made of three polypeptide a chains wrapped around each other into a right-handed
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triple helix so that the final structure is a “rope-like rod” (Prockop and Kivirikko,
1995). This characteristic in collagen gives rise to a common feature in all collagen
types, where glycine is on every third amino acid generating a repeating (Gly X-Y),
pattern, where X is often alanine or proline, and Y, hydroxyproline. Collagens are also
rich in lysine and some in hydroxylysine residues, which participate in intramolecular
and intermolecular cross-linking. In addition collagens have non-triple-helical regions,
which are present at the ends of the molecule, but may additionally be interspersed,
between triple- helical regions. Based on their structure and function, collagens have
been classified into different groups:
e Fibril-forming collagens (e.g. types I, II, III, V, XI collagen)
e Fibril-associated (fibril-associated collagen with interrupted triple helices,
FACIT) collagens (e.g. types IX, XII, XIV, XVI, XIX collagen)
e Collagens that form structures unrelated to fibril
¢ Short chain collagens (e.g. types VIII, X collagen)
¢ Basement membrane collagen (e.g. type IV collagen)
e Anchoring fibrils (e.g. type VII collagen)
e Microfibrillar (e.g. type VI collagen)
e Other collagens (e.g. types XIII, XV, XVII, XVIII, XX, XXI, XXII, XXIII,
XXIV, XXV, XXVI, XXVII, XXVIII collagen)
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Collagen Corneal sites Notes
type
Ep B S D En
| X X - Structural fibres
I X X - Structural fibres
1] X - Limits fibril diameter and repairs fibres
v X X - Network and scaffolding forming collagen
v X - Limits fibril diameter and cell shape
Vi X - Beaded filament forming collagen for adhesion
Vil X - Anchors fibrils for adhesion
viil X - Forms scaffolds
IX X - Co-distributes with type il collagen and regulates fibril diameter
Xn X X X X - Adhesion
Xi X - Found two thirds of the stroma and consists of a transmembrane
domain
Xiv X X - Regulates fibrillogenesis and matrix assembly
Xvii X X - Known as the bullous pemphigoid antigen 2/BP180; localised to

epithelia; an epithelial adhesion molecule; ectodomain cleaved by
ADAM proteinases

Xvin X X - Associated with basement membranes; endostatin is
proteolytically released from the C-terminus of collagen XViii;
important for retinal vasculogenesis

Table 1.2 The collagen family: ocular distribution found in vertebrate corneas. Table modified from
(Michelacci, 2003). EP = epithelium, B = Bowman'’s layer, S = stroma, D = Descemet’s membrane and EN
= endothelium. x = found during chick embryonic development.

1.3.1. Structure and function of ocular collagens

The characteristics of different extracellular matrices (ECMs), whether it is in cartilage
or in cornea for example, are determined by the synthesis, assembly, deposition of
collagen molecules and their organization into unique macromolecular structures.
Fibrillar collagen molecules are organized into fibrils, that are organized into tissue-
specific macroaggregates such as regular layers (cornea and bone), cables (tendons and
ligaments), or irregular layers (dermis, sclera). At each level of this hierarchy the
collagen fibrils have tissue specific characteristics, i.e. fibril diameter, packing and
organization. As previously mentioned, the corneal stroma has small, uniform diameter
fibrils that are regularly packed and organized into orthogonal layers (lamella). These

characteristics permit this tissue to be strong and transparent. In contrast, the Bowman’s
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layer has very small diameter fibrils with irregular packing, organized as a fibrillar
weave at the interface between the epithelial basement membrane and the corneal

stroma.

The corneal stroma itself mainly consists of type I collagen (75%) and low proportions
of type V (8%) and type VI collagen (17%) (Kern, Menasche and Robert, 1991). Type
II collagen is found during corneal development (Gelse, Poschl and Aigner, 2003;
Michelacci, 2003) while type III collagen is found during would healing, inflammation

and several pathological conditions (Nakamura, 2003).

1.3.2. Biosynthesis of collagen

Like all proteins, collagen biosynthesis is a multi-step process that starts with the
transcription and translation of the individual collagen gene. The type of collagen to be
formed is characterized by the presence of a large number of co- and post-translational
modifications, many of them being unique to collagens or collagen-like proteins
(Prockop and Kivirikko, 1995). The fibril-forming collagens (also referred as striated
-collagen) are synthesized as procollagens (where each of the 3 polypeptide chains has a
globular domain at the N- and C-termini) on the ribosomes located on the rough
endoplasmic reticulum (RER) in cells and is illustrated in Figure 1.4. Briefly, the
procollagen molecule is secreted into the ECM where specific proteases at the cell
surface remove the N- and C-terminal non-helical, globular ends. The resulting
collagen molecules can then associate in a staggered array to form collagen fibrils of
various lengths and diameters. Lysyl oxidase then converts the amino groups on some
of the lysine residues in the collagen polypeptide chain to aldehydes that react with

amino groups on lysines in other chains to form covalent crosslinks.
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after transport out of the cell (Whikehart, 1994). The remaining structure is now known

as a collagen molecule (tropocollagen).

1.3.3. Fibril forming collagen

A fundamental feature of fibril forming collagens is that they are synthesized as soluble
procollagens (Figure 1.4), which are converted into collagens by specific enzymatic
cleavage of terminal propeptides by the procollagen metalloproteinases. Without these
proteinases the synthesis of collagen fibrils would not occur (IThanaméki, Pelliniemi and
Vuorio, 2004). Fibril forming collagens are easily recognized by transmission electron
microscopy (TEM) as this due to the striking 67 nm axial banding pattern they posses
(known as the D-periodicity) (Figure 1.4) and collectively are the most abundant
collagens in vertebrates. They can also co-assemble with other collagen fibril forming

types (e.g. type III and V collagen) creating heterotypic fibrils (Birk et al., 1988).

1.3.3.1. Type I collagen

‘Type 1 collagen was the first to be characterized, and is present in many connective
tissues such as skin, tendon, and is predominantly abundant in the corneal stroma
(Forrester et al., 2002). Type I collagen molecules are long (300 nm), thin (1.5 nm
diameter) proteins that consists of three coiled subunits, designated as [a1(D)], [e2(I)]
(Whikehart, 1994). Each chain contains 1050 amino acids wound around each other in
a right-handed triple helix structure. They form the D-periodic striated fibrils in the
extracellular space, giving the tissue their:

e Mechanical strength

¢ Biomechanical scaffold for cell attachment (e.g. platelets and fibroblasts)

e Anchorage of macromolecules (e.g. integrins, fibonectin, fibromodulin and

decorin) (Hulmes and Miller, 1981).

In addition, type I collagen molecules are (in vivo) normally incorporated with other
collagen molecules such as type III collagen (in skin and reticular fibres) (Fleischmajer
et al., 1990) or type V collagen (in bone, tendons and corneal stroma) (Niyibizi and
Eyre, 1989a; Michelacci, 2003).
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presence of increasing amounts of type V collagen the mean diameter progressively
decreased. Furthermore, when the NH-terminal domain of type V collagen was
removed, a high concentration was needed to produce a measurable decrease in fibril
diameter. It was suggested that the NH, domain of the type V collagen is responsible
for the regulatory effects of this collagen on fibril diameter. Corneal abnormalities,
including flattened corneas and micro corneas, due to abnormal fibrillogenesis have
been reported to result from type V collagen gene mutations both in mice
(Andrikopoulos et al., 1995) and in human (Nicholls et al., 1996; Giunta and
Steinmann, 2000).

1.3.4. Filamentous collagen

Filamentous collagens can be subdivided into pericellular and matrix collagens. They
sometimes form loosely aggregated fibrils with little or no periodicity but they are

frequently thinner than fibril forming collagen fibrils.

1.3.4.1. Type VI collagen

Type VI collagen, is a member of the subfamily of short chain filamentous collagens.
These collagens occur in the vicinity of fibril forming collagen fibrils, but are absent
from the fibrils themselves, and are located to a fine filamentous network associated
with the striated fibril bundles (Figure 1.6) (Abedin, Ayad and Weiss, 1982; von der
Mark et al., 1984). Type VI collagen is a rod-like molecule whose triple helical portion
is approximately 105 nm long (von der Mark et al., 1984; Kadler et al., 2007). Each of
the three different chains of the type VI collagen protein contains a short triple-helical
domain, and of large N- and C-terminal globular domains (Prockop and Kivirikko,
1995) making up more than half of the molecular weight of the collagen molecule
(Bishop, 1996). Collagen type VI exploits disulphide bonds to form anti-parallel coiled
dimers, and these are assembled both linearly (to form beaded filaments) and laterally
(to form open networks) via their globular terminal domains (Knupp and Squire,

20012005).
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Chapter 1: Introduction

Between corneal collagen molecules and collagen fibril exist another level of
organization, the microfibrils. The microfibrils have a lateral spacing of approximately
4 nm and a tilt of 15° to the fibril axis (Holmes et al., 2001 ). This tilting may lead to
the reduced axial periodicity in the cornea compared with tendon tissue (Meek and

Boote, 2004).

Examination in the electron microscope, using positive staining, discloses the
distribution of charged amino acid residues. In the case of collagen, each D-period
displays five staining zones labelled a to e (Figure 1.7 C). These zones are further
subdivided at a higher resolution, leading to 12 so-called positive staining bands, al to
¢2 (Hodge and Schmitt, 1960). The bands are often used to describe the axial position
along a collagen fibril; al and a2 are in the gap zone, a3 is at the gap/overlap junction,
a4, b1, b2 and c1 are in the overlap zone, ¢2 is at the gap/overlap junction and ¢3, d and

e2 are in the gap zone (Chapman, 1974; Meek, Chapman and Hardcastle, 1979).

The diameter of collagen fibril is highly uniform, and has been measured by both
microscopically and diffraction techniques. Electron microscopy studies have showed
.that the diameter of collagens varies according to the experimental preparation
employed (Meek and Leonard, 1993; Craig, Robertson and Parry, 1996; Meek and
Fullwood, 2001). For example, in rabbit corneal stromas, the mean fibril diameters
range from 17.8 to 40.6 nm (Cintron et al., 1978; Craig and Parry, 1981; Yamabayashi
et al., 1991; Freund et al., 1995; Connon et al., 2000; Hirsch, Prenant and Renard,
2001). This variation alternatively could be due to the differences between rabbits (i.e.
inter-sample differences that might be related to age, gender or breed), or regional
differences in the actual fibril dimensions (i.e. intra-sample variations between the

anterior to posterior aspects of the corneal stroma.

Early electron microscopy studies on human cornea have showed that the interfibrillar
spacing of collagen fibrils decreased with age and the fibril diameter remained constant
(Kanai and Kaufman, 1973). However, using x-ray diffraction, a number of studies
have shown that the diameter of human corneal collagen is approximately 31 nm and
increases to approximately 34 nm with age (Meek and Leonard, 1993; Daxer et al.,

1998). The spatial arrangement of the collagen fibrils in the corea is thought to be of
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major importance for the tissue’s transparency (Maurice, 1957). Such difference in
results may have been due to the preparations of the experiment (discussed later in

Chapter 2).

3-D reconstruction from micrographs taken over a range of tilt angles, Sandler (1974)
revealed that corneal collagen fibrils are not entirely parallel within the lamella. Some
are relatively straight, others are oblique, and others appear to wave (Sandler, 1974).
These results were also indicated in x-ray diffraction analysis (Goodfellow et al., 1978),
where collagen fibrils did not pack in a lattice formation within the corneal stroma, but
instead a short-range order occurs (Sayers et al., 1982). However this short-range order
is thought to be sufficient to allow corneal transparency (Farrell and McCally, 2000).
Within each lamella the collagen fibrils run in the same direction, and are parallel to the
comeal surface, however, the fibril direction in adjacent lamellae varies (Komai and
Ushiki, 1991). Wide angle X-ray diffraction experiments on human corneas indicated
two preferred orientations for the lamellae and their component fibrils in the plane of
the cornea at its centre that are 90° apart: a temporal-nasal and a superior-inferior
orientation (throughout the width of the cornea) (Meek et al., 1987; Boote et al., 2005).
"This may be linked to the eye muscles and the biomechanical stability (Boote et al.,
2005; Meek and Boote, 2009). At the limbus region, in the human cornea, collagen
fibril orientation becomes circumferential (Newton and Meek, 1998; Meek and Boote,

2004).

1.4. Extracellular matrix components - Proteoglycans

Proteoglycans (PGs) are glycoprotein which consists of a core protein with one or more
covalently attached glycosaminoglycan (GAG) chain attached to the core protein. They
have since also been grouped into families based homologous sequences of amino acids
in their core protein that confer a particular activity and now they are named and
grouped according to the type of GAG chain attached to the core protein. Most PGs fit
into one of 3 categories:

e Intercalate into plasma membranes

¢ Bind to hyaluronan

e Modulate collagen fibril formation
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Hyaluronan is a GAG but it is not attached to a core protein and is usually found in

synovial ﬂuid, vitreous humor, and in the ECM of loose connective tissues.

PGs are found in all connective tissues, extracellular matrices and on the surface of
many cells. These functions are often due to the interaction of proteins with the
glycosaminoglycan (GAG) chains, which can have variable affinity, and specificity,

dependant on charge interactions (Kjellen and Lindahl, 1991).

PG core proteins range in size from 20-450 kDa and regions of the core protein often
show homology to motifs contained in globular type proteins. In cornea, there are four
PGs in the adult corneal stromal ECM; decorin (Li et al., 1992), lumican (Blochberger
et al., 1992; Kao et al., 2006), keratocan (Corpuz et al., 1996, Chakravarti, 2006) and
mimecan (Funderburgh et al., 1997). The GAG side chains are repeating disaccharides
with sulphate esters and can be as large as 70 kDa. In many species, the predominant
corneal GAG side chains include; chondroitin sulphate/dermatan sulphate (CS/DS),
keratan sulphate (KS) and small amounts of heparan sulphate (HS) (Hassell, Kimura
and Hascall, 1986). Each GAG is a polymer of a disaccharide, in KS N-
‘acetylglucosamine (GIcNAc) and galactose (Gal) and in DS N-acetylgalactosamine
(GalNAc) and glucuronic/ iduronic acid (GlcA/IdoA). GAG carbohydrates are

sulphated to various degrees (Figure 1.8).

The core protein is synthesized in the RER and the GAG side chains are added to the
core protein in the Golgi body. The PGs are then secreted into the ECM. Corneal PGs,
like most other PGs, interact strongly with other components in the ECM and can only

be quantitatively extracted and in an intact by denaturing solvents (Rada, Cornuet and
Hassell, 1993).
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Chapter 1: Introduction

to the protein core involves a specific trisaccharide composed of two galactose residues

and a xylose residue (GAG-GalGalXyl-O-CH,-protein) (Funderburgh, 2000).

Due to the negative charge of the sulphate groups in the GAG chains, PGs can make
ionic interactions with conveniently located arginines (Arg), lysines (Lys), and
histidines (His) on the surface proteins. In addition, GAGs are thought to assume
extended conformations in water so that their sulphated groups can maximize their
hydrophilic interactions with water molecules (Imberty, Lortat-Jacob and Perez, 2007).
The negatively charged GAGs swell in solution to increase their conformational
entropy. Repulsion of the GAG charges and Donnan osmotic pressure, which is a
consequence of the positively charged ions gravitating around the GAG chains, can

contribute to tissue swelling (Scott, 2003).

1.4.1.1. Keratan sulphate (KS)

KS PGs are major components of the cornea and are also found in cartilage and brain.
A high concentration of these molecules have been found in the cornea and because of
‘this, their biological function has been extensively studied and found to include
maintenance of corneal extracellular matrix structure (Funderburgh et al., 1991b;
Cornuet, Blochberger and Hassell, 1994; Connon et al., 2004). Corneal KS PGs consist
of PG core proteins, such as lumican, keratocan, and mimecan, carrying KS GAGs in
an N-linked manner (Funderburgh, 2002). KS was first identified by Suzuki (1939) in
extracts of the cornea (Suzuki, 1939) and has been characterized as linear polymer of
lactosamine, 3GalB1-4GlcNAcBl, sulphated at the C6 of both hexose (N-
acetylglucosamine (GlcNAc) and galactose (Gal)) moieties (Meyer et al., 1953) (Figure
1.9). Synthesis of KS GAG chains on PGs is processed by glycosyltransferases and
sulfotransferases localized in the Golgi body, and matured KS PGs are secreted into the
extracellular matrix. Elongation of the carbohydrate backbone of the GAG chain is
catalyzed by enzymes of two glycosyltransferases (B1-3-N-
acetylglucosaminyltransferase (B3GnT) and B1,4-galactosyltransferase (f4GalT) and
sulphation of the chain is catalyzed by two carbohydrate sulfotransferases (Kitayama et

al., 2007).
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CS/DS, have indicated that the amount of CS/DS in the cornea is lower if the amount of
KS is higher, as this may be due to the fact that the synthesis of KS requires no oxygen,
while CS/DS is synthesized in the presence of oxygen (Scott and Haigh, 1988b).
Interestingly, these findings by Scott and Haigh (1988b), have suggested the possibility
that the longer oxygen diffusion paths in thicker corneas of larger animals increase the

probability of oxygen being consumed before reaching all regions of the cornea.

The main corneal extracellular matrix PGs belong to the SLRPs (Table 1.3). Some
members of this family are known to regulate collagen fibrillogenesis (Michelacci,
2003). Most SLRPs have been grouped into three different classes on the basis of gene
organization, amino acid sequence similarity, number of leucine-rich repeat, and the
spacing of Cys residues in the N-terminal segment. A ¢cDNA clone encoding the
lumican core protein of a chick corneal KS PG (Blochberger et al., 1992) was obtained,
and the bovine (Funderburgh et al., 1993) and human (Chakravarti et al., 1995) lumican
core proteins were cloned later. Two other KS PGs, keratocan and mimecan (or
osteoglycin), were cloned from the bovine cornea (Corpuz et al., 1996). Although
expressed in other tissues, lumican, keratocan, and mimecan are glycosylated only in

the cornea with sulphated KS chains.

1.4.1.2. Importance of KS

Macular corneal dystrophy (MCD) is a common corneal disease, it is an autosomal
recessive condition, in which progressive corneal opacification is initiated at an early
age. The disease phenotype has been biochemically and genetically linked to defects in
KS metabolism by keratocytes (Hassell et al., 1980; Nakazawa et al., 1984) and at least
three biochemical subtypes (types I, TA and II) of the disease have been identified. It
has been identified that MCD patients have a defective gene, localized at chromosome
16 and has shown to encode the N-acetylglucosamine-6-sulfotransferase (c-
GIcNACc6ST) (Lui et al., 1998; Akama et al., 2000), the enzyme that initiates sulphation
of KS chains on PGs. Cell extracts prepared from MCD type I corneas are unable to
sulphate GlcNAc residues on exogenously added oligosaccharide acceptors (Hasegawa
et al., 2000), unlike the normal corneal extracts, suggesting that these types of
mutations result in the production of non-functional enzymes. MCD is thought to be

caused by a metabolic defect in the synthesis of KS, particularly with type I Macular
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dystrophy (a subgroup of Macular dystrophy) (Edward et al., 1990). Disruption of KS
synthesis exerts major effects on corneal clarity. MCD I corneas produce an immature
form of KS With a smaller protein core (Nakazawa et al., 1984) resulting in progressive
clouding from reduced interfibrillar spacing and corneal thickness (Quantock et al.,
1990).

Although MCD I phenotype is linked to heritable defects in KS synthesis, more C-6-S
is found (Klintworth, 1976) and over sulphated CS PGs are reported (Nakazawa et al.,
1984; Meek et al., 1989). In addition, it has been reported (Plaas et al., 2001) that MCD
type 1, KS chains were significantly reduced to 3-4 disaccharides (~14 disaccharides
per chain in normal corneas) and chain sulphations were absent. Chondroitin/dermatan
sulphate chain sizes were also significantly reduced to ~15 disaccharides (~40
disaccharides per chain in normal corneas); however, the contents of 4- and 6-sulphated
disaccharides were proportionally increased. It was suggested that such changes may
imply a modified tissue content of individual PGs and/or an altered efficiency of chain

substitution of the core proteins.

1.4.1.3. Dermatan sulphate (DS)

DS is composed of linear polysaccharides, N- acetylgalactosamine (GalNAc) or GlcA
joined by P1,4 or 1,3 linkages respectively. The structure of DS and CS are very
similar, e.g. DS is defined as a CS by the presence of GalNAc. The presence of IdoA in
DS distinguishes it from chondroitin-4-sulphate and chondroitin-6-sulphate
(Trowbridge and Gallo, 2002) (Figure 1.11) CS/DS PGs can be structurally diverse, as
this could be due to the chains having very low to moderate levels (15-64%) of
sulphated disaccharides, and differing marked levels of 4- and 6- sulphate groups
(Achur et al., 2004). CS/DS can be significantly long, ~40 disaccharides per chain, and
consists of ~64% unsulphated, ~28% 4-sulphated, and ~8% 6-sulphated disaccharides.
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Gene Gene Protein GAG chain Characteristic tissue distribution References
product core mw (number)
(kpa) Ocular Other
Decorin DCN 36 CS/DS [1] Sclera, cornea, Cartilage, bone, (Lietal., 1992)
trabecular skin, collagenous
meshwork, matrices
neural retina
Biglycan BGN 38 CS/DS (2] Sclera, Cartilage, (lozzo and Murdoch,
trabecular interstitium, cell  1996; Wirtz et al.,
meshwork surfaces 1997; Rada et al.,
2000)
Fibromodulin FMOD 42 KS [4] Cornea, sclera Cartilage, (Oldberg et al., 1989)
tendon, skin
Lumican LUM 38 KS [1-3] Cornea, sclera Cartilage, bone, (Blochberger et al.,
muscle, liver, 1992)
skin
Keratocan KERA 37 KS (3] Cornea, sclera Cartilage, skin, (Corpuz et al., 1996)
ligament
Mimecan OGN 25 KS [1] Cornea, sclera Cartilage, skin, (Funderburgh et al.,
blood vessels, 1997)
brain
Versican GSPG2  265-370  CS?DS[10-  Vitreous humor, Cartilage, skin, (Koga et al., 2005)
30] trabecular blood vessels,
meshwork brain
Aggrecan AGC1 220 CS [~100] Sclera Cartilage, blood (lozzo and Murdoch,
and KS vessels, brain 1996)
Neurocan MNC1 136 CCS [3-7] Developing Brain, cartilage (lozzo and Murdoch,
neural retina 1996)
Syndecan-1 SDC1 45, 53 CS/HS [5] Trabecular Epithelial cells (Kokenyesi and
meshwork Bernfield, 1994; Wirtz
et al.,, 1997; Jaakkola
. and Jalkanen, 1999)
Perlocan HSPG2  400-467 HS/CS [3- Trabecular Basement (tozzo and Murdoch,
10] meshwork membranes, cell  1996; Wirtz et al.,
surfaces, 1997)
cartilage

Table 1.3 Different types of proteoglycans. Note: CS = chondroitin sulphate, DS = dermatan sulphate,
KS = keratan sulphate, ILM = internal limiting membrane of the retina.

1.4.2. Proteoglycan core protein - Lumican

Lumican was initially described as a corneal PG, it is now known to be expressed in a

variety of tissues, including artery (Funderburgh et al., 1991a), lung (Dolhnikoff et al.,
1998), articular cartilage (Grover et al., 1995) and skin (Chakravarti et al., 1998;

Chakravarti et al., 2000). Corneal lumican is normally expressed by stromal

keratocytes, however during the early phase of corneal wound healing it is transiently

expressed by the corneal epithelium (Saika et al., 2000).
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Chapter 1: Introduction

Keratocan-null mice have been reported to have normal corneal transparency, however,
subtle abnormalities in collagen fibril organization such as increased fibril diameter,
thinned stroma, and a smaller cornea-iris angle of the anterior segment (Liu et al,,
2003). Similarly, human mutations in the keratocan gene (KERA) cause corneal

flattening and a consequent decrease in visual acuity (Pellegata et al., 2000).

1.4.4. Proteoglycan core protein - Mimecan

Mimecan was initially isolated from bovine bone and later isolated in bovine cornea as
a minor KS PG. This corneal KS PG is a 25 kDa and the product of the gene producing
osteoglycin. Mimecan carries KS GAG chains in human, chick and bovine cornea, but
not in the murine cornea (Funderburgh et al., 1997). Northern blotting analysis has
revealed three distinct size classes of mimecan mRNA that vary in abundance
depending on the tissue source, the smallest 2.4 kilobase (kb) form is predominant in
corneal and scleral tissue. Such heterogeneity can arise as a result of alternative splicing

of RNA or an alternate usage of polyadenylation sites (Funderburgh et al., 1997).

Corneal KS PGs lumican or keratocan have a lesser sequence homology to mimecan.
However, comparison of structural domains among all three proteins indicates
molecular feature conservation, such that each protein contains one or more Tyr resides
adjacent to acidic amino acids in the N-terminal region; consensus sites for Tyr

sulphation (Funderburgh et al., 1997).

Mice lacking mimecan have displayed no significant changes in the corneal clarity and
corneal thickness. However, ultrastructural analysis revealed that the average collagen
fibril was thicker than the mimecan-null mice. Collagen fibrils from the cornea of
mutant mice showed an average diameter of 31.84+/-0.322 nm, versus 22.40+/-0.296
nm in their wild type litter-mates. As a result it was concluded that mimecan may have
a role in regulating collagen fibrillogenesis in vivo (Tasheva et al., 2002). Furthermore,
Beecher and co-workers showed (using x-ray diffraction) no significant changes in
centre-to-centre collagen fibrillar spacing, when compared to corneas of wild-type
mice. From these results, it was suggested that mimecan may have a lesser role in the

control of the architecture in mouse corneal stroma (Beecher et al., 2005).
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Chapter 1 Introduction

The core proteins and not their GAG side chains, of lumican and decorin have been
shown to inhibit collagen fibril formation and reduce collagen fibril diameter using the
in vitro collagen fibril-forming assays (Rada et al., 1993). Decorin and lumican made as
recombinant products have been shown to act on different phases of fibril growth,
interact with different regions of the collagen molecule and serve to stabilize the
collagen fibril once formed (Sini et al., 1997; Neame et al., 2000). Other studies using
chick and mouse tendons have suggested that decorin may delay individual collagen
molecule fusion (Vogel et al., 1984; Vogel and Trotter, 1987; Birk, Nurminskaya and
Zycband, 1995; Birk et al., 1996).

Its been found that the synthesis of non-glycosylated decorin in avian cornea leads to
the disruption in lamellar organization, suggesting that DS PGs are not involved in the
regulation of collagen fibril diameter, but are more important to fibril-fibril spacing and
lamellar cohesiveness (Nakazawa et al., 1995). Furthermore, in corneal explants from
embryonic chicken, an increase synthesis of KS PGs and a decrease synthesis of DS PG
was detected, which coincided with the onset of tissue transparency, suggesting a
correlation between PG composition and corneal transparency (Nakazawa et al., 1995).
In addition, studies (Bredrup et al., 2005; Rodahl et al., 2006) have shown that human
congenital stromal corneal dystrophy, where cloudy corneas develop shortly after birth,
is associated with a mutation in the gene for decorin. Thus in summary, the co-
ordinated synthesis of different collagen types and core proteins of PGs as well as post-
translational modifications of the collagens and PG are required to produce collagen

fibrils with the size and spacing needed for corneal stromal transparency.

1.5. Collagen and PG associations

The first evidence of collagen-proteoglycan interaction was by Smith and Frame
(1969). Using alkaline lead citrate and uranyl acetate staining, Smith and Frame
showed 4 nm diameter filaments interconnecting the collagen fibrils and postulated that
these were PGs (Smith and Frame, 1969). Further studies have been carried out since
then and specific staining of GAGs has been developed using cationic dyes (alcian
blue, cuprolinic blue, cupromeronic blue) in a critical electrolyte concentration (CEC)
(Scott, 1985). Electron histochemical studies (Scott and Haigh, 1985) have shown that

PGs generally associate with collagen fibrils at the g, ¢, d and e bands within the 65nm
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