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ABSTRACT

Cellular involvement in collagen fibril organisation is a poorly understood
phenomenon. The localisation of procollagen to the cell membrane coincident with
secretion, the identification of cell surface receptors for collagen, and the assembly of
collagen fibrils within extracellular compartments suggest a role for plasma membranes
in the assembly and organisation of collagen fibrils. Cell-collagen interactions may be
mediated by collagen receptors, cell surface proteoglycans and also membrane lipids.
The interactions of type I collagen with phosphatidylcholine have been described and
there have been several reports of lipid association with collagen.

The interactions of [*H]procollagen I with various phospholipids were studied by
density gradient centrifugation. At physiological conditions of pH, ionic strength and
temperature, there was no evidence of procollagen binding to phosphatidylcholine
phosphatidylethanolamine, phosphatidylinositol or phosphatidylserine liposomes. In
contrast type I procollagen bound strongly to sphingomyelin liposomes, in a reversible
and saturable manner, with an apparent dissociation constant (K,) of 2.6 nM. Binding
occurred over a range of temperatures (4 °C to 35 °C) and was relatively unaffected by
salt concentrations up to 1.2 M NaCl. Binding was observed in phosphate buffers but
not in the presence of high concentrations of Tris or Hepes. Bovine serum albumin had
no effect on procollagen binding to sphingomyelin, neither did unlabeled type I
collagen, with or without the non-helical telopeptides. Type II procollagen and
denatured type I procollagen also bound to sphingomyelin. Procollagen binding to
sphingomyelin at 35 °C was considerably reduced when small amounts of
phosphatidylcholine were present, though binding was partially restored when the
temperature was reduced below the corresponding phase transition temperature.
Purified, unlabeled procollagen C-propeptides successfully competed for binding, and
[125T]C-propeptides bound to sphingomyelin in the absence of procollagen. Weaker
binding to sphingomyelin, mediated by the collagen triple helical region, was also
observed, but this was dominated by the sphingomyelin C-propeptide interaction. The
data suggest a novel mechanism for matrix vesicle mediated biomineralisation.

Dextran sulphate enhanced the activity of both purified procollagen C- and N-
proteinases. Dextran sulphate-induced procollagen aggregates observed with electron
microscopy after rotary shadowing may provide better substrates for the procollagen
proteinases. Heparin inhibited the activity of the C-proteinase, but had no effect on the
N-proteinase. Cell surface associated proteoglycans may play a role in controlling the
activity of the procollagen processing enzymes.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 Extracellular matrix

The extracellular matrix (ECM) is the diverse structural material that surrounds
connective tissue cells, and lies under epithelial and muscle cells (Brown et al., 1991;
Farquhar, 1991). It is composed of four major classes of macromolecules, collagen,
proteoglycans (see chapter 4), elastin (Mecham and Heuser, 1991), and glycoproteins
which are distributed in a tissue-specific manner, and provide the different ECMs with
their distinctive structural and functional properties (for reviews, see Labar-Robert et
al., 1990; Brown et al., 1991; Engel, 1991; Hay, 1991; Sage and Bornstein, 1991;
Yamada, 1991). In addition to providing structural support in tissues, the ECM plays a
major role in cell differentiation and cell migration during embryogenic morphogenesis,
wound healing and metastasis. Cell-matrix interactions involve multiple mechanisms.
For example, the fibrillar collagens, proteoglycans and glycoproteins such as
fibronectin (Ruoslahti, 1988), laminin (Beck et al., 1990) and vitronectin, have been
shown to interact with integrins (Humphries, 1990; Ruoslahti, 1991), heparan sulphate
proteoglycans (see chapter 4) or a variety of other cell surface receptors (for reviews,
see Hay, 1991, Toole, 1991).

The formation of collagen fibrils and the arrangement of these fibrils into specific
three dimensional patterns is an important element in establishing the ordered
architecture of extracellular matrices. The precise molecular mechanisms that regulate
the structure of collagen fibrils and their spatial arrangement are not understood. The
following sections review current knowledge in the field of collagen research, with

particular emphasis on the role of cells on collagen fibril assembly.

1.2 Collagens

The collagens are the major structural components of the extracellular matrix which
include in their structure one or several domains with a characterisitic triple helical
conformation (Figure 1.1). The amino acid sequence of the three constituent chains are

made up of a repetition of Gly-X-Y triplets. Collagens constitute a family of related

2
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Hulmes, 1992, with permission).



Table 1.1 Vertebrate collagens

" [a1 (M]3 is a minor form present in skin.

Type o.-chains Molecular forms Tissue distribution
I ald), «2() [a1(1)], 02(T)’ Skin, bone, tendon, cornea,
dentin, vascular tissue
I ol [a1(ID]3 Cartilage, vitreous homour
I ol [a1(IID)]3 Skin, vascular tissue
IV al(V), a2(dV), a3dV) [al(dV)], a2(IV) Basement membranes
a4(IV), a5(IV)
Vooal(V)?, a2(V), a3(V) [al(V)]; a2(V) Skin, bone
VI  al(VD), a2(VD), a3(VID) ol(VI) a2(VI) a3(VI) Most connective tissues
VI ol(VID) [a1(VID]3 Anchoring fibrils
VII ol(VII), o2(VIID) [al(VIID]3 ? Descemet’s membrane
endothelial cells
IX oal(IX), a2(IX), al(IX) a2(IX) a3(IX) Cartilage, vitreous humour
a3(IX)
X  alX) [@1(X)]3 Hypertrophic zone of
cartilage
XI  olXI), a2(XID), o 1(XT) o2(XTI) a3(XI) Cartilage
a3(XI)*
XII al(XID) [ 1(XID)]3 Skin, tendon
XIII o 1(XIII) [a1(XIID)]3 Endothelial cells
XIV al(X1V) [a1(XIV)]3 Skin, tendon

? There is a high degree of primary structure similarity between the a1(V), o3(V), a1(XI) and
0.2(XI) collagen chains.

* 03(X1T) is closely related to a1(II).



proteins that are assembled in a variety of supramolecular structures (Mayne and
Burgeson, 1987; Vuorio and de Crombrugghe, 1990; van der Rest and Garrone, 1991;
Hulmes, 1992). The variation in length, primary structure, and the presence, extent and
location of both non-collagenous domains and interchain disulphide bonding, form the
basis for categorising the different collagen types.

To date 14 collagen types have been identified and characterised (Robert e al.,
1990; van der Rest and Garrone, 1991; Hulmes, 1992; see Table 1.1). The collagens
are divided into two main classes based on their supramolecular structure: fibril forming
collagens and non-fibril forming collagens (Miller 1985; Vuorio and de Crombrugghe,
1990). The former group contains molecules with a single uninterrupted helical domain
approximately 300 nm in length, which are constituents of banded collagen fibrils. The
non-fibril forming collagens are more heterogeneous and have been further classified
according to their molecular characteristics, supramolecular structures and types of

extracellular networks that they form.

1.2.1 Fibrillar collagens (I, II, III, V, XI)

Based on the protein and gene structures, types I, II, III, V and XI collagens have
been assigned to the fibril forming group (Miller 1985; Vuorio and de Crombrugghe,
1990; van der Rest and Garrone, 1991). They have the same overall molecular
structure* , and form highly organised fibrils composed of quarter staggered molecules
(see section 1.8.1), which provide the structural support for organs and connective
tissues.

Type I collagen is the most abundant fibrillar collagen isolated from many adult
connective tissues, such as skin, bone, tendon and cornea. It is a heterotrimer of two
identical a1 (I) chains® and one a2 (I) chain, although small amounts of homotrimeric
[al (I)]3 molecules have been observed. Homotrimeric type II collagen, [c1 (IT)]3, is

the major collagenous component of cartilage. Another homotrimer, type III collagen

* For the molecular structure of type I procollagen, see Figure 1.6.
® Nomenclature: Different chains within a single molecule are distinguished by arabic numerals,
while different collagen types are distinguished by roman numerals in parentheses. For example, type I

collagen has the chain compostion [a1 (T)], a2 (I).
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[al (IID]3 is found in skin and blood vessels (Kuhn, 1987). It has recently been
demonstrated that in skin, fibrils are composed of both types I and III collagen (for
more details see section 1.8.3.3). Other supramolecular interactions between fibrillar
collagen types have been demonstrated for types I and V (Linsenmayer et al., 1988)
and types II and XI (Mendler et al., 1989). The most common structure for type V is
[al (V)], 2 (V), but the homotrimer [o.1 (V)]; and heterotrimer a1l (V) a2 (V) o3
(V) have also been detected (Fessler and Fessler, 1987). The predominant form of type
XI collagen is ol (XI) a2 (XI) a3 (XI) (Eyre and Wu, 1987). The a1 (XI) chain has
been identified as a constituent of bone type V collagen, exhibiting a chain composition
ol (V) a2 (V) al (XI) (Nigibizi and Eyre, 1989). Sequence data have demonstrated a
remarkable degree of primary structure similarity between the a1 (V), a3 (V), al (XI)
and o2 (XI) collagen chains (Kimura et al., 1989; Bernard et al., 1988). a3 (XI) and
ol (IT) have been suggested to be products of the same gene (see van der Rest and
Garrone, 1991).

Using type I procollagen as the prototype, the fibrillar collagens are discussed in

further detail in the following sections.

1.2.2 Non-fibrillar collagens

The non-fibril forming class of collagens is very heterogeneous both structurally
and functionally and can be separated into two groups: collagens that constitute the
components of different extracellular matrix networks (types IV, VI, VII, VIII, and X)
and collagens that interact directly with the fibril forming collagens (types IX, XII and

XIV).
1.2.2.1 Fibril-associated collagens (IX, XII, XIV)
The fibril-associated collagens with interrupted triple helices (FACIT), contain the

collagens IX, XII and XIV (Gordon et al., 1989; Gordon and Olsen, 1990; van der
Rest et al., 1991; Shaw and Olsen, 1991). These proteins do not form fibrils, but



appear to be associated with the surface of fibrils. In each molecule, a non-collagenous
domain acts as a flexible hinge, permitting a portion of the molecule to associate
laterally with fibril surfaces, while other domains project out from the surface of the
fibril (Vaughan et al., 1988). This allows the projecting domain to interact with cells or
other extracellular matrix components (Gordon ez al., 1989).

Type IX collagen is the best characterised molecule of this group (Vaughan et al.,
1988). The heterotrimeric, disulphide bonded type IX collagen is expressed in cartilage
and in the primary corneal stroma of chick embryos (Svoboda et al., 1988; Brewton et
al., 1991). The type IX molecule consists of three triple helical domains® COL1, COL2
and COL3 (with some single residue imperfections) interspersed between four non-
collagenous domains (NC). Type IX molecules have been localised by immunoelectron
microscopy on the surface of the type II collagen fibrils of cartilage, where they are
found in register with the D-period of the fibril (Vaughan et al., 1988). This
arrangement allows covalent cross-linking to occur between a lysyl residue of the
COL2 domain and a lysine in the amino telopeptide of type II collagen. The NC3
domain has a covalently bound chondroitin sulphate or dermatan sulphate side chain
(van der Rest and Mayne, 1987; Yada ez al., 1990), and also provides the flexible hinge
that allows the COL3 and NC4 domains to project from the fibril surface (Vaughan et
al., 1988; see Figure 1.2). The NC4 has an estimated pI of about 11, and is therefore
likely to interact with the acidic proteoglycans found in the cartilage matrix. The
localisation of type IX collagen on fibril surfaces has also prompted suggestions that it
plays a role in regulation of the fibril diameter (van der Rest and Mayne, 1987). The
type IX amino-terminal domains differ in cartilage and embryonic cornea (Shaw and
Olsen, 1991). Such tissue specific domains may provide alternative structures suitable
for each environment.

Type XII collagen is a homotrimer containing two triple helical domains and three
non-collagenous domains (Gordon et al., 1987; Dublet er al.,1989; Yamagata et al.,
1991). The collagenous domain represents only 8 % of the entire molecule. The COL1
domain of types IX and XII have been shown to be homologous (Gordon et al., 1989)

The association between type XII and type I collagen has not been demonstrated,

® COL is used as an abbreviation for the triple helical domain.
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Figure 1.2 Schematic representation of the molecular structures and supramolecular

assemblies of type IX, XTI and XTV collagens
Triple helical domains are indicated by thick black lines and non-triple helical regions

by closed circles or shaded domains. The GAG chain refers to the glycosaminoglycan
chain attached to the a2 chain of type IX collagen. Type IX binds to the surface of type
II collagen fibrils . The globular NC4 and triple helical COL3 domain project out of the
fibril. The location of a cross-link between type II and IX collagen is shown by a short

vertical line.



although immunolocalisation studies have shown coexpression of type I and XII
collagen in several tissues (Sugrue et al., 1989). Van der Rest and Garrone (1991)
proposed that the presence of such a COL1 domain was an indication of a FACIT
molecule. The existence of a homotrimeric molecule (type XIV collagen) with the

characteristic FACIT COL1 domain has been demonstrated in skin and tendon (Dublet

etal, 1991).

1.2.2.2 Basement membrane collagens (IV and VII)

Type IV collagen is a major component of basement membranes (for reviews, see
Glanville, 1987; Yurchenco and Schittny, 1990). The most common form of type IV is
a heterotrimer [l (IV)], a2 (IV)] (Glanville, 1987). Three additional chains a3 (IV),
o4 (IV) and oS5 (IV) also exist, although there is no evidence that they can form
heterotrimers with al (IV) or a2 (IV) (Saus et al., 1988; Hostikka er al., 1990). The
type IV molecule consists of a central triple helical domain, a large C-terminal globular
domain (NC1) and an N-terminal globular domain (NC2). The a-chains of type IV
collagen are not proteolytically processed in contrast to those of the fibrillar collagens.
Type IV collagen molecules are assembled into a flexible three dimensional network
(Timpl et al., 1981; Yurchenco and Schittny, 1990). The basic repeating unit consists of
four individual molecules, overlapping and joined together by disulphide and lysine
derived cross-links at their amino-terminal ends (called the 7S domain). The molecules
also associate at their carboxyl terminal NC1 domain (see Figure 1.3). Lateral
associations are poorly understood, although, helical structures have been identified,
which appear to result from molecules being entwined together (Yurchenco and
Schittny, 1990). The lateral associations would effect the thickness of a basement
membrane, and the pore size of its meshwork. A considerable number of interruptions
of the gly-X-Y repeat are present in both the al (IV) chain and a2 (IV) chain (see
Vuorio and de Crombrugghe, 1990). The non-triple helical interruptions in the
relatively rigid structure of the triple helix are thought to modulate the flexibility of the
molecule and the macromolecular network.

Type VII collagen is a large macromolecule of about 1000 kDa found close to the
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basement membrane zone, beneath stratified squamous epithelia (for reviews, see
Burgeson, 1987; Burgeson et al., 1990). Rotary shadowing analyses suggest a
molecule with a very long discontinuous 425 nm triple helical domain, and globular
domains at either ends. The amino-terminal domain (NC1) appears in a trident-like
arrangement (see Figure 1.3). Type VII collagen is capable of forming antiparallel
dimers stabilised by intermolecular disulphide bonds through a 60 nm short overlap.
The C-terminal NC 2 domain appears to be cleaved during this process, and the dimers
then laterally aggregate in a non-staggered fashion. Immunolocalisation studies show
type VII to be a major component of anchoring fibrils (Sakai er al., 1986). The
anchoring fibrils are believed to function by securing the lamina densa, which underlies
stratified squamous epithelia, to its underlying stroma (Burgeson ef al., 1990). The
model proposed by Burgeson eral. (1990) has the NC1 domain embedded within the
lamina densa and the triple helix extending perpendicular into the stromal matrix. The
NC1 domains at the other end of the dimer are condensed into electron dense
structurestermed anchoring plaques. The plaques contain type IV collagen which has
been shown to interact with the NC1 domain of type VII collagen using solid phase
interaction studies (Burgeson etal., 1990). There are a number of inherited conditions
which are characterised by separation of skin basal cells from the dermal stroma. These
conditions comprise the general classification of epidermolysis bullosa. The disease is
characterised by blistering of the skin and external mucous membranes. Absence or
abnormalities in type VII collagen and anchoring fibrils have been noted in several

cases of epidermolysis bullosa (Bruckner-Tuderman et al., 1989).

1.2.2.3 Type VI collagen

The ubiquitous, type VI collagen is a heterotrimer, al (VI) a2 (VI) o3(VI). It
consists of a short 100 nm triple helix containing two small interruptions, and is
unusual among collagens in that its globular domains comprise more than two-thirds of
its total mass (Timpl and Engel, 1987; Bonaldo et al., 1990; Chu et al., 1990). It is
characterised by the presence of 11 arginine-glycine-aspartate (RGD) sequences for the
three chains (Chu ez al., 1990). The RGD sequences have been shown to play a central
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Figure 1.3 Schematic representation of the molecular structures and supramolecular

mblies of type IV and VII collagen
Triple helical domains are represented by thick black lines and non-triple helical
domains by closed circles. 78S is the domain of antiparallel interaction of the type IV
collagen triple helices to form a tetramer. In the lower part of the figure is the complex
branching network of type IV collagen observed in basement membranes. Type VII
collagen dimers form by antiparallel, partial overlapping of the amino-terminal domain.
Several dimers aggregate laterally to form anchoring fibrils. The carboxyl-terminal

domains interact with basement membrane and anchoring fibrils (from Hulmes, 1992,

with permission).
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role in the interaction of matrix constituents, such as collagens, fibrinogen and
fibronectin with cell receptors of the integrin type (Humphries, 1990). The presence of
200 residue repeats showing significant similarities to the A domains of von Willebrand
factor has been demonstrated in the non-helical N- and C-terminal region (Colombatti
and Bonaldo, 1990). In addition, the C-terminal region has been shown to contain
domains showing similarities to salivary proteins and fibronectin-type III repeats. The
functions of these domains remain to be elucidated. Type VI collagen is a major
constituent of a class of tissue microfibrils (Timpl and Engel, 1987). These microfibrils
have a banding periodicity of 110 nm and are composed of tetramers of type VI
collagen associated in an end to end fashion, which results in a beaded filamentous
appearance (see Figure 1.4).The tetramers are assembled from defined dimers and
monomers in a process involving disulphide bridges and not lysine derived cross-links
like most other collagens (Timpl and Engel, 1987). The Type VI collagen containing
microfibrils have been localised in the close vicinity of cells, large fibrillar collagen
fibrils and some basement membranes. This collagen may have a role as an interface

between cells and the extracellular matrix.

1.2.2.4 Short chain collagens (VIILX)

The short chain type VIII collagen is the major collagenous constituent of
Descemet’s membrane (Sage and Bornstein, 1987). The structure derived from the
cDNA sequence of the a1 (VIII) chain is that of a molecule with a single triple helical
domain, containing 8 imperfections and two relatively short non-triple helical terminal
domains (Yamaguchi ef al., 1989). The o2 (VIII) chain has a similar structure
(Muragaki er al., 1991). Descemet’s membrane which seperates the corneal endothelial
cells from the stroma, consists of stacks of hexagonal collagenous lattices made of type
VIII collagen (Sawada er al., 1990; see Figure 1.4). The lattice is built by nodes
interconnected by rod-like structures. The highly organised lattice may function in
stabilising the characteristic endothelial phenotype.

Type X collagen, a homotrimeric disulphide bonded collagen is limited to

hypertrophic chondrocytes which suggests a specific function related to mineralisation
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Figure 1.4 Schematic representation of the molecular structures and supramolecular

assemblies of VIII, X and VI collagen

Type VI dimers are formed by antiparallel association and tetramers by lateral
association of the dimers. Beaded filaments can associate side by side to form 110 nm
periodic fibrils. Type XIII and X collagen molecules form hexagonal lattices. The nodes
are likely to be connected by bundles of molecules though the number of bends in each

bundle is unknown (from Hulmes, 1992, with permission).
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of cartilage (Schmid and Linsenmayer, 1990). The correlation between type X collagen
deposition and matrix mineralisation in vivo has been demonstrated (Kwan ef al.,
1991). Matrix vesicles (see section 3.4.9.2) are believed to have a role in the initiation
of matrix mineralisation, and potential interactions between these vesicles and type X
collagen have been proposed (Wu et al., 1989). Both types VIII and X short chain
collagens show considerable structural homology (Yamaguchi et al., 1989; Ninomiya
et al., 1990). The length of the triple helical domain, the number and the relative
imperfections in the Gly-X-Y repeat and the amino acid sequence of the NC1 domain of
ol (VIII) have a high similarity to that of ot1 (X). Type X collagen has been shown to
be associated with fibrillar structures that resemble the hexagonal lattice of Descemet’s
membrane (Kwan ez al., 1991; see Figure 1.4). This has led to the suggestion that the
type X collagen lattice may influence the migration of invading endothelial cells during

angiogenesis within the cartilage matrix.

1.2.2.5 Type XIII collagen

Type XIII collagen has only been characterised at the cDNA and genomic level
(Pihlajaniemi and Tamminen, 1990; Tikka et al., 1991). These studies describe a novel,
short chain collagen with three triple helical domains and four non-collagenous
domains. The mRNA has been shown to be distributed in skin, intestinal mucosa, bone
and cartilage. There are five alternatively spliced forms of RNA, where uniquely

amongst the collagens, splicing occurs in both collagenous and non-collagenous

domains.

1.2.2.6 Collagen-like proteins

Collagen-like proteins such as the complement component Clq (Sellar et al.,
1991), the asymmetric form of acetylcholinesterase (Krejci et al., 1991), mammalian
lectins (Theil and Reid, 1989), and the macrophage scavenger receptor (Kodama et al.,
1990) are not classed as collagens because they do not participate in supramolecular

structures of the ECM (see Figure 1.1).
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The asymmetric form of acetylcholinesterase, a complex oligomer characterised by
the presence of a collagen-like tail subunit attached to up to three catalytic tetramers
through disulphide bridges is localised in differentiated muscule and neural cells (see
Figure 1.5). The collagen-like tail consists of a proline-rich domain, a collagenous
domain and a C-terminal domain composed of proline and cysteine-rich regions (Krejci
et al., 1991). The collagenous region attaches the enzyme to the neuromuscular
endplates, and this may involve ionic interactions with membrane bound proteoglycans
(Massoulie, 1980). This region is also important in the interaction of the enzyme with
sphingomyelin (see section 3.1.3).

The complement component Clq is composed of six identical subunits. In each
subunit, a collagenous region is attached to a C-terminal globular domain. The
collagenous region interacts with the proenzyme complex’ (Clr Cls), and a Clq
receptor found in lymphoid cells (see below). The C-terminal globular regions are
involved in the binding to the Fc regions of IgG and IgM. A strong similarity in amino
acid sequence has been demonstrated between the globular C-terminal region and the C-
terminal regions of type VIII and X collagens (Sellars ez al., 1991). The conserved
structure may define the framework for chain alignment prior to triple helix formation.

The mammalian lectins, pulmonary surfactant protein A (SP-A; Voss et al., 1988;
Haas et al., 1991), mannan-binding protein (MBP; Lu er al., 1990), and conglutinin
(Lee et al., 1991), contain a short N-terminal region, followed by a collagen-like
domain and a globular C-terminal domain (Theil and Reid, 1989). A C-type lectin
domain in the C-terminal region is responsible for the Ca2+ dependent binding of these
proteins to carbohydrates. Electron microscopic observations of SP-A and MBP show
a marked similarity to Clq (see Figure 1.5).

An interruption in the gly-X-Y repeating pattern causes a characteristic ‘bend’ half
way up the collagen-like domain of Clq, SP-A and MBP. The collagenous region of
the plasma proteins, Clq, conglutinin and MBP has been demonstrated to bind to Clq-
like receptors found in a wide range of lymphoid cells (Erdei and Reid, 1988; Malhotra

etal., 1990). A glutamic acid residue within the gly-X-Y repeating pattern preceding

" The proenzyme complex Clr Cls, are components of the C1 complex (see Seigel and
Schumaker, 1983).
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Figure 1.5 Schematic representations of the molecular structures of the collagen-like

proteins
The triple helical domains are shown as columns and non-triple helical domains as

empty circles.The small N-terminal non-triple helical regions of SP-A, Clq and
mannan-binding protein are not indicated (see Figure 1.1). The mannan-binding protein
can exist as a tetramer or a trimer. One quarter the scale has been used for conglutinin

and acetylcholinesterase (adapted from Thiel and Reid, 1989).
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the ‘bend’ in the triple helical region has been shown to be conserved within Clq and
MBP (Sellar ez al., 1991). The conserved glutamic acid residue, and the ‘bend’ in the
triple helix may be important structural features for the interaction of Clq with its
receptor. The binding of the collagenous domain to a common receptor in lymphoid
cells could be of physiological significance. Thiel and Reid (1989) suggested such an
interaction could be a recognition and clearance mechanism for immune complexes and
mannose coated proteins or cells.

SP-A is a major component of the lung lipid-protein complex (pulmonary
surfactant). The collagenous domain has been shown to have a role in the interaction

with surfactant lipids (See section 3.1.3).

1.3 Collagen genes

The 14 members of the collagen family of proteins are coded for by at least 25
different genes (for reviews, see Sandell and Boyd, 1990; Vuorio and de
Crombrugghe, 1990). The various collagen genes in humans are distributed on
different chromosomes (Myers and Emanuel, 1987; for other references, see Vuorio
and de Crombrugghe, 1990). However, in three cases two genes have been mapped to
the same chromosome: o1 (III) and al (V) to chromosome 2; a1 (IV) and a2 (IV) to

chromosome 13; al (VI) and o2 (VI) to chromosome 21 (see Vuorio and de

Crombrugghe, 1990).

1.3.1 Fibrillar collagen genes

The entire exon -intron structure for the al (I), a2 (I) and al (II) procollagen
genes and partial structures for ol (III), a2 (V) and o1 (XI) have been established
(Sandell and Boyd, 1990). There are more than 50 exons in each of the fibrillar
collagen genes. DNA sequence comparisons among the fibrillar collagen genes led to
the observation that the arrangement of exons within the genes is identical in the region

coding for the triple helical domains (Yamada ez al., 1984; Chu et al., 1984; Upholt and
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Sandell, 1986). There are three minor exceptions, for details, see Vuorio and de
Crombrugghe (1990). The conservation of structure is independent of species or
fibrillar collagen type. Each exon is a multiple of 9 base pairs (bp), encoding a single
collagen triplet. The majority of the exons are 54 bp or multiples thereof (108 or 162).
This suggests that the triple helical coding domain evolved by processes of duplication,
fusion and deletion of an ancestral 54 bp unit. Each exon begins with a codon for
glycine and ends with a codon for a Y-position amino acid.

There are features of structural conservation within the fibrillar collagen genes
coding for the C-propeptide (Yamada er al., 1983). The locations of the cysteine
residues, their neighboring sequences, as well as the sequence around the carbohydrate
attachment site are conserved (Yamada et al., 1983). The exon organisation of the genes
coding for the N-propeptide show much more divergence than that for the rest of the
polypeptide (for more information, see Chu etal., 1984; de Wet etal., 1987; Benson-
Chanda et al., 1989; Su eral., 1989).

1.4 Type I procollagen

Procollagen is the precursor of collagen, and is the form secreted into the
extracellular space (see Figure 1.6). At either end of the central helical domain are
globular domains termed the amino and carboxyl propeptides (Fessler and Fessler,

1978).

1.4.1 Triple-helical domain

The sequence of the main and central part of the a-chain is essential for the
formation of the macromolecular structure of collagen. The region consists of three
separate chains, two a1 and one a2 chain, each of which contains approximately 1000
amino acids twisted in the form of a left handed helix termed a polyproline type II helix
(for a review, see Ramachandran and Ramakrishnan, 1976). These three triple helical

structures are wrapped around one another to produce a right-handed superhelix. The
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folding of the component chains into the proper helical conformation requires that only
glycine be present at the centre of the superhelix. Therefore, each of the three a-chains
in collagen consists of repeating tripeptide sequences of gly-X-Y. The sidechains of X
andY protrude from the helix and thus can be accommodated by a variety of amino
acids. This offers a large potential for lateral interactions, particularly with other triple
helices (van der Rest and Garrone, 1991). The triple helical conformation is wound
such that the peptide bonds linking adjacent amino acids of the chains are buried within
the interior of the molecule, and thus, the triple helical region is highly resistant to
attack by proteases, such as pepsin. The triple helical conformation is stabilised by
interchain hydrogen bonds. Disruption of these bonds during chemical or thermal
denaturation results in unfolding of the molecule. The presence of the imino acids
proline and hydroxyproline are important for the stabilisation of the triple helix.
Proline, as a 5-membered ring, is rigid and does not permit rotation about the N-Ca.
bond. The 4-hydroxyproline residue stabilises the triple helix by forming extra
hydrogen bonds and contributes to its thermal stability (Berg and Prockop, 1973). The
rigidity and flexibility of distinct areas along the molecule can be adjusted by varying
amounts of hydroxyproline and proline. The carboxyl terminal end of the triple helical
domain of the a1 (I) and a2 (I) chain is sealed by a 5-fold repeat of the triplet gly-pro-
X (Kuhn, 1987). The collagenase cleavage site and the carboxyl terminal helical cross-
link area require a more relaxed and flexible structure and therefore do not contain

tripetide units with imino acids (Kuhn, 1987).

1.4.2 Amino and carboxyl propeptides

Evidence for the presence of the amino (N-) and carboxyl (C-) propeptides in
collagen came from both chemical and morphological data (reviewed in Fessler and
Fessler, 1978). Immunological studies have shown that procollagen molecules contain
two independent sets of antigenic determinants not present in collagen (Nist ez al.,
1975).

Studies using vertebrate collagenase (Harris et al., 1984) to cleave procollagen

molecules into two fragments contained extra peptides that were not present when
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collagen molecules were cleaved with the same enzyme (Tanzer et al., 1974; Byers et
al., 1975). Also, procollagen segment-long-spacing crystallites (SLS; see section 1.6)
contain extra pieces at both ends of the aggregates not found in collagen SLS (Tanzer

etal., 1974).

1.4.2.1 N-propeptide

The N-propeptides of fibrillar collagens exhibit a much higher degree of divergence
both in length and domain structure than the rest of the polypeptide (see Figure 1.1).
The N-propeptides of the fibrillar collagens adhere to one of two basic architectures
(see Sandell and Boyd, 1990). The first, characteristic of proa1(I), proal (II)®, proal
(IIT) and proa2 (V) consists of a cysteine-rich globular domain known also to be
present in thrombospondin (Lawler and Hynes, 1986) and von Willebrand factor
(Titani et al., 1986), a triple helical domain and a short non-helical segment (Chu ez al.,
1984). The second, characteristic of proa2 (I), lacks the entire cysteine-rich globular
domain (De Wet et al., 1987). The globular domain of proal (I) (66-68 amino acids)
is rich in acidic and hydrophobic residues and stabilised by 5 intrachain disulphide
bridges. In type I procollagen, the short non-helical region (21 amino acids) which
connects the N-propeptide to the large triple helical domain contains the cleavage site
for the specific procollagen amino (N-) proteinase. The conformation of the cleavage
site is stabilised by lateral interactions of three hairpins formed by the proa chains
(Dombrowski et al., 1989). The cleaved N-propeptide may have a role in the regulation
of collagen synthesis by feedback inhibition (see section 1.10). The telopeptide
extension formed after the cleavage contains the sites where hydroxylysine derived

intramolecular and intermolecular cross-links are formed (see sections 1.5.2 and 1.9).

1.4.2.2 C-propeptide

The carboxyl propeptides of the proal (I) and proa2 (I) are about 244 residues in

* The large Cys-rich coding domain is not present in all type II procollagen mRNA (Ryan and
Sandell, 1990). This sequence probably undergoes alternative splicing in the 01 (II) collagen pre-
mRNA.
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length. The amino acid composition is very different from that of the central triple
helical domain, and shows a relatively high content of acidic amino acids, tyrosine,
phenylalanine and cysteine. The C-propeptide contains 8 cysteine residues of which six
are involved in intrachain disulphide bridges, which stabilise the globular structure.
Two cysteine residues form interchain disulphide bridges, and are a prerequisite for the
formation of the triple helical molecule (Uitto and Prockop, 1974). One of the roles
proposed for the C-propeptide is the association and correct registration of the o-chain
prior to triple helix formation (for further details, see section 1.5.3). There is also
evidence to suggest that the C-propeptide may function as a negative feedback inhibitor
of collagen synthesis (see section 1.10). The C-propeptides may also play a role in the
intracellular transport and packaging of procollagen in secretory vacuoles (Olsen,
1991). The C-propeptide of type II collagen (chondrocalcin) has been found to
accumulate in the ECM of mineralising cartilage and may play a role in the
mineralisation process (Poole et al., 1984; van der Rest ef al., 1986; see chapter 3). The
C-propeptide also contains a mannose and N-acetylglucosamine containing
oligosaccharide not found within the main triple helix, the function of which is not

known.

1.5 Biosynthesis of procollagen

Collagen biosynthesis is distinguished from other secretory proteins by the
presence of many unusual reactions (for reviews, see Fessler and Fessler, 1978;
Kivirikko and Myllyla, 1982; Kivirikko and Myllyla, 1984; Prockop and Kivirikko,
1984; Byers, 1990; Kuivaniemi et al., 1991). The biosynthesis takes place in several

stages.
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1.5.1 Transcription and translation of proa (I) chains

The proal (I) and proa2 (I) chains are products of the COL1A1° and COL1A2
genes located on chromosome 17 and 7, respectively. The expression of the COL1A1
and COL1A2 genes are highly coordinated (for further information on collagen gene
expression, see section 1.10). The mRNAs for the proo chains of collagen are
synthesised and processed in the same way as those for other proteins in eukaryotes
(Brown, 1981). The structure of the collagen gene implies that processing of the pre-
mRNAs must involve at least 50 excision and splicing events (Kivirikko and Myllyla,
1984). The polypeptide chains are synthesised on membrane-bound ribosomes and
pass through the membranes into the cisternae of the rough endoplasmic reticulum
(RER) while being assembled. The initially synthesised polypeptide chains have N-
terminal hydrophobic signal sequences which serve as vectors for ensuring that the
nascent protein chains cross the membrane of the RER. As the amino terminal ends of
newly synthesised proot chains enter the cisternae of the RER, they encounter
protease(s) that rapidly remove the signal peptide (Olsen, 1991). The signal sequence

of the proa (I) chain is different from the proa (IT) chain (Prockop eral., 1979).

1.5.2.1 Hydroxylation of proline and lysine residues

The amino acids 4-hydroxyproline, 3-hydroxyproline, and hydroxylysine are
found in vertebrate proteins almost exclusively in collagens, and a few other proteins
with collagen-like sequences (Kivirikko and Myllyla, 1984, 1985; Kivirikko er al.,
1990). All three amino acids are formed as post-translational modifications by the
hydroxylation of peptide bound prolyl or lysyl residues, catalysed by three separate
enzymes, proline 4-hydroxylase, proline 3-hydroxylase and lysine hydroxylase. The
enzymes are located on the inner side of the membrane of the rough endoplasmic

reticulum (RER; Kuhn, 1987). The active form of proline 4-hydroxylase is a tetramer

* Nomenclature: The gene for members of the collagen family have been given the names
beginning with COL, followed by an arabic number denoting the collagen type, letter A (for o chain),
and another arabic number for the a-chain. For example, COL1A2 is the gene for the a2 (I) chain.
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(a,B,). The B-subunit (60 kDa) of prolyl 4-hydroxylase is a multifunctional protein
residing in the RER. It has been shown to have protein disulphide isomerase (PDI)
activity (Kiovu et al., 1987; Freedman et al., 1989), and also serve as the major thyroid
hormone binding protein in the RER (Gong er al., 1988). The B-subunit also retains the
prolyl 4-hydroxylase in the RER, since it has the sequence lys-asp-glu-leu at its
carboxyl end which is necessary for the retention of polypeptides in the RER
(Kivirikko et al., 1990). Lysyl hydroxylase is a dimer (both subunits 90 kDa) and its
solubility properties suggest that it is tightly associated with the membrane of the RER
(Kivirikko and Myllyla, 1985).

All three of the enzymes require Fe2+, 2-oxoglutarate, O, and ascorbate. They all
decarboxylate 2-oxoglutarate into succinate, one atom of the O, being incorporated into
the succinate, while the other is transferred as an hydroxyl group to the amino acid
residues. The mechanism of the proline 4-hydroxylase and lysine hydroxylase reactions
have been elucidated (Kivirikko and Myllyla, 1985). There is a binding of Fe2+, 2-
oxoglutarate, O,, and the peptide substrate to the enzyme in this order, and ordered
release of the hydroxylated peptide, CO,, succinate and Fe3+. Ascorbate is not used
stoichiometrically which suggests it is required to prevent occasional oxidation of either
the enzyme bound iron or some group of the enzyme molecule. In ascorbate deficiency
(scurvy), proo. chains are underhydroxylated and do not form stable triple helices at 37
°C. The hydroxylation of about 100 prolyl residues is essential for the three proo
chains to form a triple helix that is stable at body temperature (Kuivaniemi ez al., 1991).

Most of the hydroxylations occur while the nascent polypeptide chains are growing in
the ribosome, although, the reactions are continued after the release of the polypeptide
chains from the ribosomes (Kivirikko and Myllyla, 1980). The minimum sequence
requirement for the interaction with proline 4-hydroxylase is fulfilled by a gly-pro-X
sequence, and that for interaction with lysine hydroxylase by a X-lys-gly triplet
(Kivirikko and Myllyla, 1980). The N- and C-terminal non-triple helical regions that
participate in cross-link formation do not obey this rule. In these regions, a lysine not
followed by glycine is frequently hydroxylated. These hydroxylysines may be formed
by a different hydroxylase (Linsenmayer, 1991). In contrast, proline 3-hydroxylase
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probably requires a pro-4hyp-gly triplet, whereas a triplet of the form pro-pro-gly
probably cannot be a substrate (Kivirikko and Myllyla, 1982). The interaction with all
three enzymes is affected by amino acids in other parts of the peptide, by the peptide
chain length, and by the peptide conformation. The hydroxylases have a requirement
for a non-helical conformation which has a critical role in the processing of the protein

(Prockop etal., 1979).

1.5.3 Triple-helix formation

Upon completion of synthesis, the proa chains associate by hydrophobic and
electrostatic interactions at the C-propeptides. This association is stabilised by the
formation of interchain disulphide bonds (Schofield er al., 1974; Uitto and Prockop,
1974). The disulphide bonded C-propeptide domain serves as the single nucleation site
of triple helix formation (Bruckner and Eikenberry, 1984; Engel and Prockop, 1991).
Protein disulphide isomerase catalyses the interchain disulphide bond formation in
procollagen in vitro (Kiovu and Myllyla, 1987; Freedman et al., 1989). The mechanism
of disulphide bonding is poorly understood. Randomly cross-linked disulphide bonds
are formed and then isomerised to native ones via a series of thiol disulphide
interchange reactions. Native disulphide bond formation can proceed in the absence of
enzyme, however, the bonding is rather slow and results in a delay in the formation of
the triple helix.

The association directs chain selection to ensure that each type I molecule consists
of two proal chains and one proa2 chain (Kuivaniemi ez al., 1991). The N-terminal
amino acid sequence of types I, IT and III procollagen C-propeptides were shown to be
variable (Ninomiya et al., 1984). This region could contain information important for
the specific associations between proo chains during the assembly of procollagen
molecules. The association and disulphide bonding of the C-propeptides provides the
correct registration of the gly-X-Y tripeptide units in the three chains and allows a
nucleus for triple helix formation. The nucleus is then propagated from the C-terminal
to the N-terminal domain with a zipper-like mechanism (for further details see Engel

and Prockop, 1991). Folding of the
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proa chains is delayed until the chains aquire about 100 residues of hydroxyproline.
Without any hydroxyproline, type I collagen will denature at 25 °C, whereas with 100
residues per a-chain the melting temperature is about 40 °C (Berg and Prockop, 1973).
The delay in folding probably ensures that the nucleation and propagation of the triple
helix occur in an orderly manner (Kuivaniemi et al., 1991). Propagation of the triple
helix stops whenever a cis-peptide bond is encountered. Therefore, the cis-trans
isomerisation is a rate limiting step in collagen folding (Bruckner and Eikenberry,

1984). Triple helix formation is a requirement for secretion (Prockop et al., 1979).

1.5.4 Glycosylation of hydroxylysine and asparagine

The hydroxyl group of hydroxylysine is the site of attachment for O-linked
carbohydrate units (Kivirikko and Myllyla 1979). As lysyl residues in the newly
synthesised proa chains are hydroxylated, sugar residues are added to some of the
resulting hydroxyl residues. These glycosylations are catalysed by two specific
enzymes, a galactosyltransferase which adds galactose to certain hydroxylysines, and a
glucosyltransferase which adds glucose to certain galactosylhydroxylysines (Kivirikko
and Myllyla, 1979). Both these transferases use sugar in a form of uridine diphosphate
glycoside, and both reactions require the presence of a bivalent cation, preferably
manganese (Kivirikko and Myllyla, 1979). The triple helical conformation of the
substrate prevents interaction with both transferases, therefore glycosylation, like
hydroxylation, must occur intracellularly prior to triple helical formation. The role of
the disaccharide units remain unclear. The C-propeptide of type I procollagen is
glycosylated by transfer of a mannose-rich oligosacchride side chain from a dolichol
phosphate intermediate to an asparagine residue in the polypeptide chain. The acceptor
site for the oligosacchride side chain contains the sequence asn-X-thr (Pesciotta et al.,
1981). The acceptor site recognition unit is identical to the B-subunit of prolyl 4-
hydroxylase (Geetha-Habid et al., 1988). Each domain of the C-propeptide has one
oligosacchride side chain consisting of two residues of N-acteyl glucosamine and 6-9

residues of mannose (Marti et al., 1984). The functional role of the N-linked
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oligosacchride in procollagen is unknown.
Several mutations have been identified in human procollagen genes that lead to the
abnormal biosynthesis of procollagen (Byers, 1990; Prockop et al., 1990; Kuivaniemi

etal., 1991; see section 1.12).

1.6 Transport and secretion of procollagen

The passage of procollagen from the rough ER, through the Golgi complex and
secretory vesicles was demonstrated by procollagen immunostaining (Leblond and
Wright, 1981) and autoradiography (Weinstock and Leblond, 1974; Marchi and
Leblond, 1983; Marchi and Leblond, 1984). Procollagen bundles which appear to be
SLS-like aggregates'® were first observed within the secretory vacuoles of epithelial
cells (Trelstad, 1971), and have been seen subsequently in a number of other cell types
(Weinstock and Leblond, 1974; Bruns et al., 1979; Cho and Garant, 1981; Wright and
Leblond, 1981). Dimeric SLS-like aggregates have been observed in tendon fibroblasts
(Trelstad and Hayashi, 1979). These intracellular aggregates have an electron dense
interface between their ends and the membrane of the vacuole. The possible affinity of
the ends of the aggregates for the vacuole membrane could dictate the alignment of the
molecules and represent an early stage in fibril development (Trelstad and Hayashi,
1979; see section 1.8.3.1). Many fibrils are heteropolymeric containing different
collagen types (section 1.8.3.3) and proteoglycans (section 1.8.3.2). Birk et al (1991)
suggests that mixing of the components would probably begin within the cell in one of
the intracellular compartments.

Procollagen appears to be secreted in a biphasic process (Kao er al., 1983). For
chick embryo corneal cells in culture, approximately 55% of pulse-labelled type I
procollagen is secreted with a first order rate constant of 0.071min-! (half-life 10 min),
whereas the remaining procollagen has a rate constant for secretion of 0.0053 min-!

(half-life 130 min; Kao ez al., 1983).

'® Segment long spacing (SLS): procollagen molecules arranged side by side with the same amino
to carboxyl terminal polarity.
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An immunocytochemistry study of cultured human fibroblasts with type I
procollagen C-propeptide antibodies suggests procollagen is bound at the cell surface
coincident with secretion (Phelps ez al., 1985; see section 1.8.3.1).

The extent to which procollagen remains aggregated after secretion into the
extracellular milieu is unclear. SLS-like aggregates have been observed in fibroblast
culture medium after concentration to a pellet by prolonged ultracentrifugation (Hulmes
et al., 1983; Gross and Bruns, 1984). Bruns er al. (1979) also identified SLS
aggregates of procollagen in the culture medium of fibroblasts from chick embryo
tendon and human skin after negative staining. However, these results were probably
due to surface induced aggregation during preparation of specimens for electron
microscopy (Mould and Hulmes, 1987; for further details of surface induced
aggregation, see section 1.8.3.1). The solubility limit of purified chick type I
procollagen incubated at 37 °C in phosphate buffered saline was found to be in the
range 1-1.5 mg/ ml (Mould et al., 1990). Bundles of molecules packed as 300 nm long
segments (SLS-like aggregates), and D-periodic assemblies of procollagen have been
observed at concentrations greater than the 1.5 mg/ ml (Mould ez al., 1990). Therefore,
SLS-like aggregates may exist in the extracellular milieu at the higher concentration of
procollagen that may be present in the extracellular matrix.

In contrast with the ultrastructural studies of fibroblasts in vivo (Trelstad and
Hayashi, 1979; Bruns et al., 1979; Marchi and Leblond, 1983), SLS-like aggregates
were not observed within golgi saccules or cell vacuoles in vitro (Phelps ez al., 1985).
The abundance of collagen fibrils in the fibroblast culture system led Phelps ez al
(1985) to suggest that cytoplasmic SLS-like aggregates are not required for procollagen

secretion and fibrillogenesis.

1.7 Processing of type I procollagen

In the ECM, enzymatic processing of procollagen to collagen occurs with the
removal of the N and C-terminal propeptides (for a review, see Peltonen et al., 1985;

see Figure 1.6). The cleavages occur at the junction of the short non-helical telopeptide
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sequences with the propeptide domains (see Figure 1.1), thus leaving the intact
telopeptides at the N- and C-termini of the a-chain helix to fulfil their role of inter- and
intramolecular crosslinking (Seyedin and Rosen, 1990).

Sequence data of released propeptides and tissue collagens show that the cleavage
always takes place at the same sites which suggests that the proteinases are highly
specific (Kivirikko and Myllyla, 1984). The conversion of type I procollagen to
collagen involves two different enzymes, a procollagen amino (IN) proteinase to remove
the N-propeptide (Tuderman et al., 1978; Tuderman and Prockop 1982; Berger et al.,
1985; Hojima et al., 1989) and a procollagen carboxyl (C-) proteinase to remove the C-
propeptide (Njieha et al., 1982; Hojima et al., 1985; Kessler et al., 1989). Both
enzymes share certain characteristics in that they are neutral metalloproteinases and
require Ca2+ for maximal activity.

The exact site of procollagen processing in relation to the cell surface is unknown.
The conversion of procollagen to collagen has been shown to take place at or near the
surface of embryonic chick calvaria bone cells (Morris et al., 1975). Layman (1981)
has shown that fetal and neonatal skin cells retain the N-proteinase on the cell surface
for a limited time before releasing it into the culture medium. However, adult skin cells
were shown to secrete the enzyme directly into the culture medium. In the rapidly
growing embryos, the rate of collagen synthesis and remodelling is high, and an
efficient mechanism for collagen fibril orientation and deposition may be required.
Layman (1981) proposed that the retention of the N-proteinase at the cell surface (and
possibly procollagen) in the embryo may provide a mechanism for cellular control of
fibril formation (see chapter 4). In mature animals, where collagen turnover is relatively
low, such an efficient cellular control of fibril formation may not be required.

The charged polymer dextran sulphate was shown to promote the accumulation of
collagen in the cell layer of human fibroblast cultures (Bateman and Golub, 1990).
Procollagen was completely processed to collagen by the addition of 0.01 % dextran
sulphate to the culture medium (Bateman and Golub, 1990; see chapter 4). The dextran
sulphate induced processing was shown to occur by the rapid cleavage of the C-
propeptide followed by the slower cleavage of the N-propeptide. The molecular

mechanism for processing may involve the retention of procollagen in the pericellular
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environment, and consequent exposure to the N- and C-proteinase. In contrast with the
previous observations, Uitto et al (1979) observed a continuous conversion of secreted
procollagen to collagen even after the cells had been removed by centrifugation.

Other proteinases with propeptide cleavage properties have been identified. In
some human skin fibroblast cultures a cell layer associated telopeptide cleavage activity
has been identified which could also remove the propeptides (Bateman ez al., 1987).
Acidic proteases in the culture medium of chick tendon fibroblasts and in extracts of
whole chick embryos, as well as chick liver cathepsin D were shown to cleave the C-

propeptides of type I procollagen (Davidson et al., 1979; Helseth and Veis, 1984).

1.7.1 N-proteinase

Type I procollagen N-proteinase has been purified and characterised from chick
embryo tendons (Tuderman ez al., 1978; Tuderman and Prockop, 1982; Morikawa et
al., 1980; Hojima et al., 1989), whole chick embryos (Tanzawa ez al., 1985; Berger et
al., 1985; Dombrowski and Prockop, 1989), human skin (Steinmann ez al., 1980) and
bovine aorta (Gerstenfeld ez al., 1984). The purified proteinase was also shown to act
upon type II procollagen and the homotrimer of proal (I) chains (Tuderman et al.,
1978; Tuderman and Prockop, 1982; Hojima et al., 1989). A different proteinase is
required for the removal of the N-propeptide of type III procollagen (Nusgens et al,
1980; Halila and Peltonen, 1984, 1986; see below for further details).

The molecular weight of the type I N-proteinase from chick tendons (Tuderman et
al., 1978) and whole chick embryos (Tanzawa et al., 1985) was shown by gel filtration
to be 260 kDa and 320 kDa, respectively. A different form of the chick tendon enzyme
was shown to have a molecular weight of 500 kDa determined by gel filtration (Hojima
et al., 1989). This was suggested to be the intact form of the enzyme. The 500 kDa
form of the enzyme was shown to degrade slowly to a 300 kDa form which had similar
properties (Hojima ez al., 1989). The presence of CaCl, in the buffers used to purify
the enzyme increased the conversion. The 500 kDa form of the enzyme was shown to
contain polypeptides of 61, 120, 135 and 161 kDa when separated by SDS-PAGE in
non-reducing conditions (Hojima et al., 1989). The 135 and 161 kDa polypeptides
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were catalytically active after elution from the polyacrylamide gel.

As is typical for many metalloproteinases, the activity of the purified N-proteinase
was inhibited by the metal chelators, EDTA, «,o’-dipyridyl and o-phenanthroline
(Tuderman and Prockop, 1982; Hojima et al., 1989), and the thiol reagent
dithiothreotol (Tanzawa et al., 1985). Addition of physiological concentrations of Ca2+
(5-10 mM) was required for maximal activity under standard assay conditions. The
addition of a 10-fold molar excess of Ca2* to N-proteinase preincubated with EDTA
does not fully restore activity (Tuderman and Prockop, 1982). This observation
suggested that a second metal in addition to Ca2+ was required. The activity of N-
proteinase pretreated with EDTA was partially restored by Mn2+ or Mg2+. However,
when Mn2+ or Mg2+ were added together with Ca2* after EDTA treatment, they
partially prevented Ca2* from restoring the enzyme activity. The nature of the second
cation has not been resolved.

The N-proteinase differs from several other proteinases of connective tissues in
that it is not inhibited by phosphoramidon, ovastatin or a.2-macroglobulin (Hojima et
al., 1989). Fetal calf serum (2 %) was shown to inhibit 60-100 % of the N-proteinase
activity (Hojima et al., 1989) which is in contrast to the observations of Tanzawa et al
(1985).

The N-proteinase has a highly specific requirement for a substrate with the correct
native conformation (Tuderman et al., 1978; Tanzawa et al.,1985). Procollagen
becomes resistant to cleavage by N-proteinase at temperatures higher than melting
temperature T, "'; Tanzawa et al, 1985), and short synthetic peptides with amino acid
sequences identical with those in the cleavage site of the proa2 (I) chain are not cleaved
(Morikawa et al.,1980). The K, was 0.3-0.5 uM (Tuderman and Prockop, 1982), and
54 nM (500 kDa enzyme; Hojima et al., 1989) for the native substrate.

Type I N-proteinase cleaves a pro-gin bond in the proal (I) chain and an ala-gln
bond in the proa2 (I) chain (Kivirikko and Myllyla, 1984). Small changes in the
primary structure of type I procollagen can either make the protein totally resistant to

cleavage or substantially alter the rate at which it is cleaved by the N-proteinase

"' Human type I procollagen has a denaturation temperature (Tm) of 41°C (Bruckner and Prockop,
1981).
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(Dombrowski et al., 1989). The changes in primary structure can occur at sites over
900 amino acid residues away from the cleavage site. The conformation of the cleavage
site may be stabilised by lateral interactions of three hairpins formed by the proa chains
(Dombrowski et al., 1989). The long range effects of changes in primary structure are
probably explained by the disruption of the hairpin structure (see section 1.12).

The N-proteinase cleaves the three polypeptide chains of type I procollagen at
different rates. An intermediate containing only one uncleaved proa chain has been
detected (Berger et al., 1985) demonstrating that most of the reaction proceeds by a
pathway in which the third chain is cleaved more slowly than the first two. With most
endoproteinases, the susceptible bonds in the substrate become more accessible, and
the rate of cleavage increases as the protein is partially cleaved and begins to unfold
(Fruton, 1974). If the N-proteinase conformed to the general pattern, then the most
readily detectable intermediate would be the first cleavage product containing one
cleaved and two uncleaved propeptides. The procollagen C-proteinase (Morris et al.,
1979, Njieha er al., 1982) and vertebrate collagenase (Jeffrey, 1986) are two other
exceptions to this general pattern of endoproteinases. A possible explanation for the
generation of a slowly reacting intermediate is that the conformation of the peptide
bonds around the cleavage site may change markedly after the first two proo chains are
cleaved. It is possible that after the N-proteinase cleaves the first two proa chains, the
region of the protein containing the cleavage site partially unfolds and thereby makes
the remaining proo chains more resistant to cleavage.

A separate N-proteinase partially purified from calf tendons (Nusgens et al.,
1980), smooth muscle cells of fetal calf aorta (Halila and Peltonen, 1984), and human
placental tissue (Halila and Peltonen, 1986) has been shown to cleave the N-propeptide
from type III procollagen. The enzyme does not accept type I or type II procollagen as
its substrate. The type III N-proteinase has a molecular weight of about 70 kDa as
determined by SDS-PAGE. The enzyme requires an intact triple helical conformation in
the substrate and Ca2+ for maximal activity (Halila and Peltonen, 1984). Removal of
Ca?* from the incubation mixture does not inhibit the human enzyme (Halila and
Peltonen, 1986) in contrast with the bovine enzyme or type I procollagen N-proteinase

(Tuderman ez al., 1978; Halila and Peltonen, 1984; Tanzawa et al., 1985). This could

32



possibly be explained by Ca2+ being more tightly bound to the human placental enzyme
than from the enzyme purified from calf aorta smooth muscle cells. The K, for pN-
collagen was 0.76 UM for the calf aorta enzyme and 2 pM for the human placental

enzyme (Halila and Peltonen, 1984, 1986).

1.7.2 C-proteinase

Enzyme activities that remove the C-propeptides from type I procollagen at neutral
pH have been demonstrated in the medium of cultured chick embryo tendons (Leung
etal., 1979; Hojima et al., 1985), extracts of embryonic chick calvaria (Njieha ez al.,
1982), and the medium of cultured mouse fibroblasts (Kessler ez al., 1986).

The chick tendon proteinase has been partially purified and characterised (Hojima
etal., 1985). The molecular weight of the enzyme was shown to be 97 kDa-100 kDa
by gel filtration, although crude preparations of the enzyme suggested it had a
molecular weight ranging from 200 kDa to 600 kDa (Hojima ez al., 1985). The enzyme
may be present in tissues as a larger aggregate. The C-proteinase has been shown to
require 5-10 mM Ca2+ for optimal activity (Njieha ez al., 1982; Hojima ez al., 1985).
The enzyme is similar to the N-proteinase in that Ca2+* also increases its stability near
body temperature (Tanzawa et al., 1985; Hojima et al., 1985). Several metal chelators,
EDTA, EGTA, o,0’-dipyridyl or o-phenanthroline have been shown to inhibit C-
proteinase activity (Njieha et al., 1982; Hojima et al., 1985).

The peptide bonds in the chick proal (I) and proa2 (I) chains that are cleaved by
the C-proteinase have been identified by amino acid sequencing of the C-propeptide
(Pesciotta, 1981) and by nucleotide sequencing of cloned cDNAs (Fuller and Boedtker,
1981; Dickson et al, 1981). The peptide bond cleaved in the proal (I) and proa2 (I)
chain is an ala-asp bond. Similar data established that an ala-asp bond was also cleaved
during the processing of type II procollagen (Ninomiya ef al., 1984). Analysis of
cDNA clones suggested that an arg-asp bond is cleaved in type III procollagen (Yamada
etal., 1983).

Partially purified C-proteinase has been shown to be inhibited by synthetic peptides
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with amino acid sequences similar to that around the cleavage site in the proct1 (I) chain
(Njieha et al., 1982). The C-proteinase has also been shown to be completely inhibited
by 5 % fetal calf serum. The C-proteinase purified from chick embryo tendons (Hojima
et al., 1985) has many properties that are similar to the enzyme from chick calvaria
(Njieha et al., 1982). However, the latter has a smaller molecular weight (80 kDa) and
a slightly different pattern of response to inhibition. The enzyme from chick calvaria
has been shown to be insensitive to arginine and lysine (Njieha ez al., 1982), whereas
inhibition of most of the chick C-proteinases by the basic amino acids has been
demonstrated (Leung et al., 1979; Hojima et al., 1985; Kessler ez al., 1986).

The chick C-proteinase has similar properties to the mouse enzyme (Kessler and
Goldberg, 1978; Kessler et al., 1986; Kessler and Adar, 1989). Both enzymes were
found extracellularly, they required Ca2+ for activity, acted at physiological pH, cleaved
the carboxyl propeptides of types I, II and III procollagen, and exhibited similar
inhibition properties. However, full expression of the mouse C-proteinase activity was
shown to depend on an enhancer protein (Adar et al., 1986; Kessler and Adar, 1989).

Three glycoproteins have been purified with molecular weights of 55 kDa, 36 kDa
and 34 kDa (determined by SDS- PAGE) which enhance C-proteinase activity and bind
to the C-propeptide of type I procollagen (Adar ez al., 1986; Kessler and Adar, 1989).
The 55 kDa protein was shown to cross-react immunologically with both the 36 kDa
and 34 kDa proteins. In the course of pp-sepharose chromatography (chromatography
on a column of Sepharose coupled to the C-propeptide of type I procollagen) which
was used during the purification of the mouse enzyme, a large proportion of the 55 kDa
protein was shown to disappear with the concomitant appearance of the 36 kDa and 34
kDa proteins (Kessler and Adar, 1989). These results suggest that the 55 kDa protein is
a precursor of the low molecular weight enhancer proteins. The enhancer was shown to
change the kinetics of the C-proteinase reaction (Adar ez al., 1986). In the presence of
the enhancer, the rate of procollagen processing was shown to increase by 20-fold.
Such an enhancer was not found in the tendon conditioned medium which served as the
source for the chick enzyme (Hojima et al., 1985). A possible explanation for this

difference could be that the enhancer is a cell-surface protein. Therefore, little of it
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would be expected to be released into the medium under organ culture conditions as in
the Hojima eral (1985) preparation. In contrast, a significant release of cell-surface
proteins is likely to occur in the Kessler and Adar (1986) system, where cells are
grown in roller bottles, and therefore subjected to a constant washing by the medium.
The turnover number of the chick enzyme was shown to be relatively low (k.,, =
41 h-1) which led Hojima eral (1985) to propose that the C-proteinase is present in the
tissue as an inactive precursor or is inhibited by an endogenous component of
connective tissue. The demonstration of C-proteinase enhancement by Kessler and
Adar (1989) provides an additional mechanism, i.e. stimulation of the C-proteinase by
an enhancer protein. Kessler and Adar (1989) proposed that the enhancer may act by
presenting the procollagen molecule to the C-proteinase in a favourable conformation,

increasing thereby the catalytic rate, and possibly the specificity of cleavage.

1.7.3 Pathways of procollagen processing

The conversion of procollagen to collagen can occur via two different
intermediates: pN-collagen (procollagen with the C-propeptide removed) or pC-
collagen (procollagen with the N-propeptide removed; see Figure 1.6). The sequence of
cleavage of type I procollagen has not been established, with reports of processing via
pC-collagen (Fessler et al., 1975; Davidson et al., 1977; Limeback and Sodek, 1979;
Leung et al., 1979; Gerstenfeld et al., 1984) or pN-collagen (Veis et al., 1973;
Fleischmajer ez al., 1981, 1983; Helseth and Veis, 1984). Other studies have suggested
that N-propeptide and C-propeptide cleavage may occur independently (Sonohara ez
al., 1981). Fibroblast culture experiments have generally supported a pC-collagen
processing intermediate. However, the results from the cell culture studies are difficult
to relate to the process occurring in vivo because of the relatively small amount of
complete processing of type I procollagen that occurs (Taubman and Goldberg, 1976;
Limeback and Sodek, 1979; Bateman and Golub, 1990). Also, the absence of a
substantial extracellular matrix in cell culture experiments, and the consequent rapid

dilution of the procollagen into the culture medium may effect the order of propeptide

cleavage.
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Pulse chase experiments and electrophoretic analysis of salt-soluble extracts have
shown developmental changes in the processing pathway in chick embryo cornea
(Mellor et al., 1991). The relative flux through the pC-collagen pathway was shown to
increase approximately 4-fold between days 12 and 17 of chick embryo corneal
development (Mellor et al., 1991). The developmental changes in procollagen
processing may have an effect on the organisation of the extracellular matrix. Since pC-
collagen is more soluble than pN-collagen (Hulmes et al., 1989b) it will diffuse more
freely from the cells before being fully processed and finally deposited in fibrils.
Therefore, altering the flux through the pC-collagen and pN-collagen pathways
provides a possible mechanism whereby cells could control the site of deposition of
collagen fibrils following the secretion of procollagen and its processing enzymes.
Mellor et al (1991) suggested such a mechanism may be important ECM changes
during corneal development.

The study state levels of pN-collagen were shown to exceed those of pC-collagen
in both proal (I) and proa2 (I) chain processing in the developing chick embryo
cornea (Mellor ez al., 1991). However, pC-collagen was found to be the major kinetic
intermediate. Such a situation appears to exist in the chick embryo tendon, where
immunoblotting has indicated a pN-collagen/ pC-collagen ratio greater than 1
(Fleischmajer et al., 1988), whereas pulse-chase experiments show pC-collagen as the
major kinetic intermediate (Leung et al., 1979). Fibril diameter may be affected by the

pathway of procollagen processing (for details, see section 1.8.3.4).

1.8 Fibril formation

The cleavage of the propeptides leads to the spontaneous assembly of fibrils. The
collagen molecule contains all the necessary structural information for the assembly of

fibrils.
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1.8.1 Structural features of the fibril

The details of the molecular architecture of collagen fibrils has been derived from
electron microscopy, X-ray diffraction and modelling from amino acid sequence data
(for reviews, see Chapman and Hulmes, 1984; Piez, 1984).

Collagen fibrils in the electron microscope show a regular transverse banding
pattern with an axial periodicity (D) of 64-67 nm. A positively stained collagen fibril
has a repeating asymmetric band pattern with up to 12 distinct bands per period
(Chapman and Hulmes, 1984). With this type of staining, heavy metal ions bind to
regions rich in polar amino acids, and therefore, each band locates clustered charged
groups along the collagen molecule. The alternating dark and light bands of the negative
staining pattern show that each D-repeat can be divided into a ‘gap’ zone penetrated by
the stain and an overlap zone which is relatively impervious to the stain. The pattern
arises from staggered molecules spanning about four periods (see Figure 1.7). The D-
staggered arrangement of molecules in a fibril was first elucidated by comparing
positive staining patterns from fibrils with those from segment long spacing (SLS)
collagen. Superposition of four SLS patterns mutually staggered by D was shown to
give a pattern resembling that from a fibril (Hodge and Schmitt, 1960). The individual
molecules are approximately 4.4 times the length of the repeat period, D (Hodge and
Petruska, 1963), and are staggered with a 0.4 D overlap and a 0.6 D gap region.

The observed band pattern of positively stained type I collagen fibril was shown to
compare well with the pattern predicted from the sequence (Meek er al., 1979;
Chapman and Hulmes, 1984). Assuming uniform spanning of the residues in the triple
helix, the best agreement was obtained when the assumed stagger between molecules
was 234 residues. An independent derivation of the number of residues in a D-period
was obtained from sequence data alone (Hulmes et al., 1973). Assuming a regular
spacing of residues, charged and hydrophobic interactions between the o1 chains were
calculated (Hulmes et al., 1973). The interactions were shown to be maximal at
staggers of multiples of 234 residues. Repeated clusters of hydrophobic and charged
residues divide the monomer into 4.4 D units and cause the monomers to associate so

that each is staggered by one D-unit or a multiple of D-units relative to its neighbour
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(Piez, 1984).

Each molecule (approximately 4.4 D long) is represented by an arrow with the C-
terminal at the arrow head. Only the 1D and 4D staggers are shown here, however 0D,
2D and 3D staggers between adjoining molecules may also exist (adapted from
Chapman and Hulmes, 1984). The D-periodicity thus lies in the amino acid sequence of
the o-chain.

Information about the fibril axial order has also been obtained by X-ray diffraction
of moist rat tail tendon. Reflections on or near the meridian arise from axial order and
indicate a periodicity of 67 nm. The sequences of the a1 (I) and o2 (I) chains have
been used to predict the meridional intensities (Hulmes er al., 1980). The best
agreement between the predicted and observed intensities was obtained when D was set
at 235 residues and the average residue spacing in the telopeptide region was assumed
to be about three-quarters of the spacing in the triple helix. The latter confirms the
suggestion from sequence data that the telopeptides are in a condensed conformation
(Capaldi and Chapman, 1982).

The lateral arrangement of molecules in collagen fibrils is poorly understood
(Hulmes ez al., 1985; Raspanti eral., 1989; Jones and Miller, 1991). One view is that
the packing is defined by a regular filamentous substructure, microfibrils. The
alternative view is that the lateral packing occurs without an intermediate structure, that
disorder is common but large crystalline domains are present under appropriate
conditions.

Smith (1968), proposed the five-stranded microfibril model in which a molecular
monolayer five molecules wide is wrapped into a cylinder (4 nm in diameter and of
indefinite length) as the basic structural unit of the fibril (see also; Vies et al., 1979;
Piez, 1984; Scott, 1990). In this model, the molecules are staggered by D, and are in a
specific helical geometry. By electron microscopy, filamentous subunits have been
revealed within the collagen fibrils by negative and positive staining of dissociated
material (Piez, 1984; Scott, 1990; Fleischmajer et al., 1990), and freeze fracture
(Ruggeri et al., 1979; Marchini and Ruggeri, 1984). The filaments have been purported
to be D-periodic on the basis of X-ray diffraction observations (Veis et al., 1979),

though a D-periodicity has not been observed by electron microscopy. Two distinct
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classes of fibrils, one having helical microfibrils at an angle of about 18° to the fibril
axis, the other with straight or slightly wavy microfibrils have been observed in several
tissues (Ruggeri et al., 1979; Marchini er al., 1986). Collagen fibrils with the helical
microfibrillar arrangement are characterised by a relatively small diameter.

Difficulties arose when attempts were made to use the five-stranded microfibril
model to explain X-ray diffraction data. Re-interpretation of the X-ray data led to the
proposal of a new model, the three dimensional crystal model (Hulmes and Miller,
1979) which has been refined (Fraser and Macrae, 1981). In this model, the fibril is a
three dimensional crystal in which the collagen molecule is the basic unit without an
intermediate substructure. Electron microscopic studies have shown a radially
orientated periodicity of about 4 nm in collagen fibril cross-section which corresponds
to the lateral periodicity detected by X-ray diffraction (Hulmes et al., 1981, 1985; see
Figure 1.8). The lateral periodicity has been visualised directly using image processing
techniques, and the extent of crystallinity has been shown to increase towards the
periphery of a fibril (Hulmes et al., 1985). The electron microscopic results and the
quasi-hexagonal model have been combined (Hulmes ez al., 1983) to give a model for
fibril structure in which the molecules appear tilted by 5° when viewed from the side. In
this model, the molecules in the fibril perimeter are in non-staggered axial register as in
SLS assemblies which may have significance for fibrillogenesis (see section 1.8.3).

X-ray diffraction of tendon collagen suggest that the molecular segments in the gap
region are more mobile than those in the overlap region, with segments in the gap
region kinked to give a D-periodic molecular crimp (fold or wave) in the structure
(Fraser et al., 1987). The highly ordered overlap region is thought to consist of
crystalline domains, whereas the gap region is less well ordered. There is a low content
of aromatic residues in the gap region which would increase its mobility (Fraser et al.,
1987). The aromatic residues that are present are concentrated at the site of attachment
of a dermatan sulphate proteoglycan (see section 1.8.3.2). The concentration of amino
acids is markedly lower in those parts of the D-period where the telopeptides occur.
This would permit changes in molecular direction leading to departures in the quasi-
hexagonal packing and to changes in the net direction of the helical segments. The gap

regions are sites within which other molecules might reside, for example, the
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Figure 1.8 Lateral molecular packing arrangement within a crystalline domain of type
I collagen fibrils

Each circle represents a collagen molecule in cross-section. Circles numbered 2,3,4,
and 5 represent molecules staggered by 1D, 2D, 3D and 4D with respect to molecules
represented by circles numbered 1. The model shows a radially orientated periodicity of

4 nm. Cross-links between adjacent molecules are shown by thick lines.
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propeptides of procollagen (Mould ez al., 1990) or the side chain of type IX collagen
(Vaughan et al., 1988). During bone mineralisation, the initial formation of
hydroxyapitite crystals has been proposed to occur within the gap region (Glimcher,
1989).

Some specimens have been shown not to exhibit three-dimensional crystallinity
(Brodsky and Eikenberry, 1986), but only a diffuse equatorial intensity. Even in rat tail
tendons, there was shown to be an underlying diffuse equatorial intensity in the
diffraction pattern. This indicates a liquid-like disorder in the lateral molecular packing.
The combination of axial order and lateral disorder is analogous to the structure of
smectic A crystals (for more information, see Woodhead-Galloway and Machin, 1976;
Hukins and Woodhead-Galloway, 1977).

A compromise model has been suggested for the lateral organisation of the fibril
(Trus and Piez, 1980) in which microfibrils are compressed giving rise to quasi-
hexagonal packing. Chapman and Hulmes (1984) proposed that fibril formation could
occur via microfibrils which undergo lateral compression on assembly giving rise to
quasi-hexagonal packing as growth proceeds. Alternatively, Raspanti et al. (1989)
suggested that the fibrils may be in a smectic state in which there is a certain lateral
mobility of the molecules so that the same fibril may show either the microfibril or the

quasi-hexagonal molecular lattice while still maintaining the same molecular

connectivity.

1.8.2 Fibrillogenesis in vitro

The assembly of collagen fibrils has been extensively studied by neutralisation and
warming of cold acid-soluble collagen solutions (Cooper, 1970; Comper and Veis,
1977; Helseth and Veis, 1981; Suarez er al., 1985; Holmes et al., 1986; Na et al.,
1986; Na et al., 1989). Electron microscopic (Williams et al., 1978) and X-ray
diffraction data (Eikenberry and Brodsky, 1980) suggest that these fibrils are very
similar to fibrils formed in vivo (i.e. D-periodic) except the lateral order is generally
not as good. The fibril forming process has been followed by monitoring the turbidity

at 313 nm. A typical turbidity curve is characterised by a lag phase, an exponential
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growth phase and a plateau. The non-helical telopeptides have been shown to play a
significant role in the assembly of the fibril. Deletion of both of the telopeptides
abolishes fibril formation (Capaldi and Chapman, 1982).

The mechanism for the assembly of fibrils is not fully understood (for a review,
see Olsen, 1991). Electron microscopy, dynamic light scattering and X-ray scattering
techniques have been used to probe the initial steps of the reaction in the lag phase
(Gelman and Piez, 1980; Silver and Trelstad, 1980; Silver, 1981; Bernengo et al.,
1983; Suarez et al., 1985; Payne et al., 1986; Ward et al., 1986; Na, 1989b). In the lag
phase, the solution does not display any turbidity. Whether collagen forms an
intermediate during the lag time is controversial. Several studies have shown the
presence of 4D-dimers and trimers in the lag phase (Silver and Trelstad, 1980; Silver,
1981; Trelstad et al., 1982; Ward et al., 1986). Telopeptide-like interactions are greatest
and contribute more to the total interaction energy when the overlap is least (Ward et
al., 1986). Long thin aggregates containing 5-100 monomers have also been identified
in the lag phase (Gelman and Piez, 1980). These observations and others (Suarez er
al., 1985) have given rise to the intermediate assembly hypothesis which suggests that
collagen forms intermediate aggregates which then add to each other to form higher
multiples of macromolecules and ultimately fibrils. A model has been proposed for the
assembly of long collagen subfibrils from 4D-trimers (for further details, see Olsen,
1991). In contrast, Bernengo et al. (1984) using both dynamic light scattering and
electric birefringence techniques, did not detect the formation of any significant amount
of collagen oligomers during the lag phase. This result was confirmed by a similar light
scattering study (Payne et al., 1986). Bernengo et al. (1984) attributed the lag phase to
an intramolecular event in the form of a conformational change leading to a stiffening of
the collagen molecule.

Reconstitution of disassembled fibrils no longer shows a lag phase. This
phenomena is called the thermal memory effect and can be explained either by the
presence of oligomers (Na et al., 1986; Na et al., 1989a,b) or a conformational change
in the collagen molecule (Helseth and Veis, 1981).

The major driving force for fibril assembly is the increase in entropy associated

with the loss of water bound to the monomer as the polymerisation occurs (Kadler et
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al., 1987, Na et al., 1989b). From kinetic studies, a cooperative nucleation and growth
mechanism has been derived for the assembly of the fibrils (Cooper, 1970; Wallace and
Thompson, 1983). In this mechanism, the rate limiting step is the formation of a critical
nucleus, and then growth proceeds rapidly by accretion of monomers. In an
equilibrium fibril reconstitution study, Na eral (1989b) have shown the requirement of
a certain minimal concentration of collagen (less than 1 pg/ ml) for fibril assembly.
Kadler er al (1987) have also observed a critical concentration (0.5 png/ ml at 37 °C), in
the assembly of fibrils de novo from processed procollagen (see below). These
observation of a critical concentration are consistent with the cooperative nucleation-
growth mechanism derived from the kinetic data. Critical concentrations are observed
typically in strongly cooperative self-association systems such as the assembly of actin
filaments and microtubules (Oosawa and Asakura, 1975), though the self assembly of
type I collagen into fibrils differs somewhat, in that the final polymeric structure of
collagen is formed by the addition of a rod-like monomer in both longitudinal and
lateral directions. Cooperativity is recognised as one of the means used by biological
systems to generate a small number of very large biomolecular assemblies rather than a
large number of small aggregates. A strongly cooperative self-association exhibiting
critical concentrations should not accumulate any significant amount of oligomers
smaller than the nucleation centre (Oosawa and Asakura, 1975). As of yet, the nuclei
have not been demonstrated or identified.

An alternative system for fibril assembly in vitro has been recently developed and
involves generating collagen de novo by enzymatic processing of pC-collagen under
physiological conditions (Miyahara er al., 1982, 1984; Kadler er al., 1987, 1988).
Cleavage of pC-collagen by C-proteinase generates collagen that readily assembles into
fibrils.

Kadler et al (1988) have shown that the kinetics of the assembly of collagen fibrils
are markedly different below and above 37 °C. Increasing the temperature in the range
29-35°C decreased the lag phase and increased the rate of propagation as assayed by
turbidity. In contrast, the rate of propagation decreased markedly as the temperature
increased from 37 to 41 °C. A possible explanation for the abrupt change in the

kinetics, is that at temperatures above 35 °C micro-unfolded forms of procollagen may
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become an increasingly larger fraction of the system (for further details, see Kadler et
al., 1988).

Kadler ez al (1990) used the new in vitro system with dark-field light microscopy
to study the growth of fibrils. They demonstrated that all type I collagen fibrils formed
in vitro have blunted and highly tapered, symmetrical, pointed tips. The pattern of
cross-striations in the pointed tips indicate that all the molecules were oriented so that
the N-termini were directed towards the tip. These results are consistent with
observations of Birk etz al (1989), who defined the ends of individual type I collagen
fibrils by analysing electron micrographs of serial sections of leg tendons from chick
embryos. Results from both studies suggest that fibrils grow unidirectionally from
pointed tips, but that bidirectional growth can occur if monomers in the reverse
orientation bind to a blunted end, and then form the equivalent of a new pointed tip for
growth in the opposite direction (Birk et al., 1989; Kadler et al., 1990). The pointed tip
of the fibril was suggested to be the site with the highest affinity for binding of
monomers. The growth of collagen fibrils from pointed tips suggests that the molecular
principles are similar to those involved in generating other large structures in nature,
such as snow flakes that grow from pointed tips and frequently generate fractals

(Nittmann and Stanley, 1986).

1.8.3 Fibrillogenesis in vivo

Studies of fibrillogenesis in vitro present an incomplete picture because many
other factors are involved in the assembly process in living tissues. The form of
procollagen,
the interaction between different genetic types of collagen (Mendler ef al., 1989;
Linsenmayer ez al., 1990; Fleischmajer et al., 1990b), the interactions of procollagen
processing intermediates (Hulmes et al., 1989), proteoglycans (Scott, 1988;
Fleischmajer et al., 1991) and the cell surface may play important roles in
fibrillogenesis in vivo .

The fibril forming collagens assemble in vivo from their biosynthetic precursors,
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procollagen (Prockop and Kivirikko, 1984). Several investigators have suggested that
procollagen SLS-like aggregates may be intermediates in the formation of D-periodic
fibrils (Bruns et al., 1979; Hulmes et al., 1983; Gross and Bruns, 1984).
Ultrastructural studies of fibroblasts in vivo have demonstrated the presence of SLS-
like aggregates within secretory vesicles (see section 1.6). Mould ez al (1990) have also
shown that SLS-like aggregates can form in solution at concentrations of procollagen
that may be present in the extracellular matrix (for further details regarding the form of
procollagen in the extracellular milieu, see section 1.6). Collagen molecules in the fibril
perimeter appear to be in non-staggered axial register (Hulmes et al., 1981, 1983,
1985). Fibril growth by the accretion of SLS sheets may account for the observations
of Parry and Craig (1979) that fibril growth occurs in 8 nm increments (Hulmes,
1983). However, SLS-like aggregates have not been observed within Golgi vacuoles
or secretory vacuoles in vitro (Phelps et al., 1985). The abundance of collagen fibrils
in the fibroblast culture system led Phelps ez al. (1985) to suggest that cytoplasmic

SLS-like aggregates are not required for procollagen secretion and fibrillogenesis.

1.8.3.1 Cell-mediated collagen fibril assembly

Many studies have suggested that the cell surface influences collagen aggregation
and fibrillogenesis directly, either by determining the orientation of collagen fibrils or
inducing aggregation.

Dimeric SLS-like aggregates have been observed bound to the secretory vesicle
membrane (Trelstad and Hayashi, 1979). Such an interaction could dictate the
alignment of the procollagen molecules and represent an early stage in fibril
development. The polarised discharge of matrix components into the extracellular space
has also been observed from a variety of matrix producing cells (Weinstock and
Leblond, 1974; Trelstad, 1977; Trelstad and Birk, 1984). The polarised discharge of
procollagen is a means by which cells can influence the organisation of the architecture
of the matrix. The binding of collagenous molecules to a plasma membrane component

has been proposed as an in vivo mechanism for initiating fibril assembly and
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determining the spatial specificity of that assembly (Goldberg and Burgeson, 1982; for
further information, see Chapter 4).

The study of the assembly process in situ using electron microscopy has indicated
that the topography of the cell surface and intracellular spaces play an important role in
the orientation of the assembly process (Trelstad and Hayashi, 1979; Birk and Trelstad,
1984; Birk and Trelstad, 1986; Birk et al., 1989; Birk et al., 1990a). Chick embryo
corneal, tendon and dermal fibroblasts have been demonstrated to compartmentalise the
extracellular space during the development of the extracellular matrix (Birk and
Trelstad, 1984, 1986; Ploetz et al., 1991). Such compartmentalisation would allow the
cell to control the environment in which fibrils form. The long narrow compartments
have been suggested to form from the tandem fusion of secretory vacuoles by a
mechanism of compound exocytosis similar to that seen in other systems (Birk and
Trelstad, 1986). D-periodic fibrils segments (approx. 10 uM in length) containing
tapered ends have been shown to form within the compartments (Birk ez al., 1989)
which are consistent with the segment-like structures formed in vitro (Kadler er al.,
1990). The removal of the propeptides must also take place in these compartments. The
fibril segments have been proposed to fuse linearly and/ or laterally to form mature
more continuous fibrils (Birk ez al., 1990). These fibrillar fusions provide a mechanism
for the lateral growth observed during tendon development. Scott (1986) has also
proposed that fusion of fibrils occur with possible regulation via surface decorin (see
section 1.8.3.2). Three distinct extracellular compartments have been observed (Birk
et al., 1990; Ploetz et al., 1991). These specialisations of the fibroblast surface have
been suggested to be important for directing the orientation of the developing matrix.

Mechanical forces exerted by the fibroblast on the forming fibrillar matrix have also
been shown to be important in establishing its architecture (Harris ez al., 1981; Stopak
et al., 1985). They showed that collagen injected into tissues or placed in culture can be
aligned by fibroblasts.

Aggregation of procollagen has been shown to be strongly favoured when samples
are adsorbed to a mica or carbon surface during preparation for electron microscopy
(Mould and Hulmes, 1987). Large aggregates containing procollagen molecules

connected via their C-propeptide were common. The formation of in-register aggregates
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of procollagen molecules during adsorption to a mica surface may occur by a
mechanism

suggested for the formation of parallel, in-register arrays of actin filaments at the
surface of positively charged liposomes (Rioux and Gicquad, 1985). These workers
suggested that the electrostatic interactions of one actin filament with the liposome
surface favours the lateral interaction of other filaments in-register. Aggregation may be
favoured at the cell surface and would assist both propeptide cleavage and the

subsequent assembly of the processed procollagen into fibrils.

1.8.3.2 Glycosaminoglycans (GAG) and proteoglycans (PG)

Type I collagen has been shown to interact with both GAGs and PGs (for a review,
see Scott, 1988). Such interactions may play a role governing the rate and extent of
fibrillogenesis (Scott, 1986; Vogel and Trotter, 1987; Uldbjerg and Danielson, 1988).

Obrink (1973) has shown that dermatan sulphate, heparan sulphate and heparin
interact strongly with collagen at 4 °C, whereas chondroiton sulphate and keratan
sulphate show a low affinity for collagen. Using the classical reconstitution system (see
section 1.8.2) the GAGs that interact strongly with collagen were shown to accelerate
the lag phase. Although dermatan sulphate interacts with monomeric collagen it was not
incorporated into types I and II collagen fibrils in vitro .

Small dermatan sulphate proteoglycans (DSPG) from tendon (Vogel et al., 1984)
and skin (Scott, 1986) have been shown to inhibit fibril formation of type I and II
collagen. This effect was preserved following the removal of the dermatan sulphate
chains suggesting that the effect of fibrillogenesis was due to the protein core. Vogel
and Trotter (1987) have also shown that small DSPG decreases the final fibril diameter
and suggested that it may inhibit lateral aggregation.

Small DSPG derived from aorta and cartilage have been shown to have different
protein cores (Heinegard et al., 1985). These PGs were demonstrated to have no effect
on the rate of fibrillogenesis but were shown to increase the final absorbance by up to
90 % (Uldbjerg and Danielson, 1988). These proteoglycans have been shown to induce
a lateral alignment of the collagen fibrils (Uldbjerg and Danielson, 1988).
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Using Cupromeronic blue to visualise DSPG in the electron microscope, Scott and
Orford (1981) showed that the PG was localised at the d and e bands' (in the gap zone
) of collagen fibrils in tendon. The site of attachment is characterised by a high content
of aromatic residues. The small DSPG appeared orthogonal to the collagen fibrils and
spaced D-periodically.

Pringle and Dodd (1990) have also studied the interaction of decorin® with tendon
fibrillar collagens, using monoclonal antibodies to the decorin protein core. They have
shown that the decorin protein core associates near the d and e band in the D-period.
The core protein of decorin has also been shown to interact with type I collagen fibrils
in skin (Fleischmajer et al., 1991). Fleischmajer ez al (1991) speculated that the binding
of decorin to the gap region may interfere with the lateral accretion of collagen
molecules and stop the growth of the fibril, and thus be the regulatory mechanism for
the final fibril diameter. However, the hypothesis is contradicted by the interaction of
decorin with all collagen fibrils regardless of their diameter.

Microfibrils (termed protofibrils by Scott, 1990) produced by disaggregated rat tail
tendon fibrils in the presence of cupromeronic blue were shown to be associated with
PGs. Scott (1990) suggested that this result was due to the formation of large fibrils
during development by the fusion of smaller fibrils (microfibrils) some of which had
retained their associated PG. The role of PG in young tissue may be to keep the

microfibrils from coalescing.

1.8.3.3 Heterotypic fibrils

Recent studies have established the existence of heterotypic fibrils assembled from
more than one collagen type. Types I and III collagens codistribute in most connective
tissues except for bone and cornea. Evidence that types I and III collagens are
assembled in the same fibril comes from the isolation of intermolecular cross-links
between a1 (I) and a1 (III) chains in human tissues (Henkel and Glanville, 1982) and

immunoelectron microscopic studies demonstrating the existence of heterotypic fibrils

'® These refer to the positively stained banding pattern of type I collagen (see section 1.8.1).
'* There are 2 types of small DSPG, decorin (PG II) and biglycan (PG I).
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in skin (Keene er al., 1987; Fleischmajer et al., 1990 a,b). Collagen fibrils disrupted by
8 M urea were shown to contain type I collagen throughout the fibril, except for the
microfibrils at the periphery which were coated with type III collagen (Fleischmajer er
al., 1990a). Only type III collagen antibodies were shown to label large intact fibrils.
Thin fetal collagen fibrils showed periodic labelling for type I collagen, while large
adult fibrils did not. These observations suggest a specific structural organisation where
type I collagen forms the bulk of the fibril surrounded at its periphery by type III
collagen. The location of type III collagen at the surface of the fibril led Fleischmajer ez
a (1990) to suggest it may allow the possible interactions of type III collagen with
other constituents of the extracellular matrix.

The molecular organisation of type III collagen at the periphery of the fibril is
poorly understood. The type III collagen is probably linked to the underlying collagen
either in a D-periodic or D-0 staggered fashion which would account for the D-
periodicity of the heterotypic fibrils. The immunolabelling of regular filaments
(microfibrils) formed by the disruption of dermal fibrils with urea (Fleischmajer ez al.,
1990a) suggests that type III collagen could be in the form of microfibrils at the
periphery of the fibril.

Immunoelectron microscopic studies have been used to show that fibrils from adult
cornea consist of both types I and V collagen (Birk er al., 1988; Fitch et al., 1988;
Linsenmayer et al., 1985; Linsenmayer et al., 1990). Both types I and V collagen have
been shown to label partially disrupted collagen fibrils (Linsenmayer et al., 1990).
However, only type I collagen labelled intact fibrils. Collagenase treatment (specific for
types I or III) confirmed the above observations and suggest that type V collagen is
within the corneal collagen fibrils (Fitch et al., 1988).

In vitro reconstitution studies have shown that type V collagen has a direct effect
on fibril diameter (Adachi and Hayashi, 1986; Linsenmayer et al., 1990). The average
diameter of the heterotypic fibrils formed in vitro was shown to decrease when the
relative proportion of type V collagen increased. Native type V collagen was shown to
be more effective in producing this affect then pepsin treated material. This suggests a
possible steric involvement of the type V collagen globular N-propeptide. Adachi and

Hayashi (1987) suggested that the very small difference in electron density between the
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gap/ overlap zone in heterotypic fibrils containing more than 50 % type V collagen was
due to the presence of the globular N-terminal domain in the gap zone.

Cartilage fibrils have been shown to be heterotypically assembled from types II, IX
and XI collagen (van der Rest and Mayne, 1988; Vaughan et al., 1988; Mendler et al.,
1989). Type XI collagen has been localised in partially disrupted cartilage fibrils
(Mendler ez al., 1989). Only type II collagen has been located on the surface of intact
fibrils which suggests that type XI collagen is buried in the interior of the fibril. Type
X1 collagen is structurally similar to type V collagen in that both contain a large amino-
terminal non-collagenous domain in addition to a 300 nm triple helix (see section
1.2.1). Both collagens also appear to be located within fibrils with uniform thin
diameters (25 nm). Type XI collagen has been shown to form thin fibrils in vitro
(Smith er al., 1985) and therefore, like type V collagen may function in controlling the
lateral growth of fibrils. Type XI collagen has been immunolocalised on to the surface
of chondrocytes in culture (initially stripped of matrix), during the initial stages of
matrix regeneration (Smith et al., 1989). The nature of the association was suggested to
be ionic, since 4M guanidinium chloride completely removed type XI collagen from the
cells. This is consistent with a previous suggestion that type XI collagen is retained at
the cell surface by interactions with a cell-associated polyanion (Smith ez al., 1985).
The existence of type XI collagen within heterotypic fibrils has led Smith eral (1989) to
propose the retention of this collagen at the cell surface may be a step in fibril assembly.
Rotary shadowing in combination with a type IX collagen antibody has shown that type
IX collagen is arranged D-periodically along chick embryo cartilage fibril fragments
(Vaughan et al., 1988). The projection of the amino terminal domain of type IX
collagen from the fibril surface would facilitate interactions with proteoglycans in the
cartilage matrix (for further details, see section 1.2.2).

The homology between the structures of types IX and XII collagen suggest that
type XII may also be associated with collagen fibrils (Gordon er al., 1990).
Immunolocalisation studies indicate that type XII collagen is present in many tissues
rich in type I collagen. However, localisation of type XII collagen on the surface of

type I collagen-containing fibrils has not been demonstrated.
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1.8.3.4 Intermediates of procollagen processing

According to the pathway of processing, different processing intermediates pN-
collagen and pC-collagen are produced (see section 1.7.3). Many studies have
suggested that pN-collagen is involved in fibrillogenesis in vivo (for a review, see
Hulmes ez al., 1989a). Hulmes ez al (1989a) studied the assembly of type I pN-collagen
using a reconstitution system where the molecules were generated enzymatically from
their biosynthetic precursors. Increasing the pN-collagen content was shown by
electron microscopy to produce D-periodic fluted fibrils that became progressively more
distorted. These fluted fibrils resembled the fibrils in dermatosparaxis, an inherited
disorder in which N-propeptide processing is defective (see section 1.12).

Electron microscopic immunolocalisation studies have suggested a preferential
association of the N-propeptides with small diameter fibrils (Fleischmajer ez al., 1983,
1985, 1987). This observation and that of Hulmes et al/ (1989a) has led to the
suggestion that type I pN-collagen may coat the surface of growing collagen fibrils,
thus blocking surface sites on the fibril, and hence preventing further accretion of
molecules (Hulmes, 1983; Fleischmajer er al., 1983; Chapman, 1989). The removal of
the type I N-propeptide would allow further growth and the formation of mature fibrils.

Since the assembly of pN-collagen and collagen in vitro does not lead to the
formation of thin cylindrical fibrils, additional factors must also operate in vivo to
regulate normal fibril growth and form. Recent observations have suggested that under
certain conditions molecules retaining the C-propeptide domain can participate in fibril
formation. Fibrils from chick embryonic tibiae (Fleischmajer et al., 1987), human
fibroblast cultures (Phelps et al., 1985), and chick embryo chondrocyte cultures
(Ruggiero et al., 1988) have been labelled D-periodically with antibodies to the C-
propeptide. However, these studies could not show if the C-propeptides were still part
of the pC-collagen. Mould er al (1990) demonstrated that pC-collagen can be
incorporated into D-periodic procollagen assemblies. Immunolabelling studies have
shown that the C-propeptide is located on the surface of D-periodic procollagen
assemblies at the C-terminal gap/ overlap junction. Both pN-collagen and pC-collagen

may be involved in the regulation of fibril diameters in vivo .
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1.9 Formation of collagen fibril crosslinks

Collagen fibrils are stabilised extracellularly by the formation of covalent crosslinks
(for a review, see Robins, 1982; Eyre er al., 1984; Last et al., 1990). In the absence of
crosslinks, the mechanical stability of reconstituted collagen fibrils has been shown to
be dramatically reduced compared to native tendon collagen (Kato et al., 1989). The
formation of crosslinks involves a complex series of spontaneous reactions that are
initiated by lysyl oxidase (Kagan and Trackman, 1991). This enzyme catalyses the
oxidation of specific lysine and hydroxylysine residues located in the N and C-terminal
telopeptides. The resulting aldehydes react with the €-amino groups of lysine or
hydroxylysine residues in the triple helical regions on adjacent molecules to form
bifunctional crosslinks. The crosslink formed from the initially oxidised hydroxylysine
can undergo an Amadori rearrangement to form a more stable ketoamine crosslink
(Robins, 1982). With time the bifunctional crosslinks can undergo further reactions to
form a variety of mature, tissue-specific, trifunctional crosslinks (Seyedin and Rosen,
1990). The crosslinks can be present in a glycosylated form (Last ez al., 1990). The
crosslinking sites in the triple helix are characterised by low proline and hydroxylysine
content, and the presence of the sequence hyl-gly-his-arg, has been proposed to be the
attachment site for lysyl oxidase (Kuhn, 1987). Aggregation of collagen is a
prerequisite for lysyl oxidase activity (Siegel, 1974).

TRAMP" (Mr 24 kDa) is a protein that copurifies with lysyl oxidase from porcine
skin which has been demonstrated to accelerate fibril formation in vitro (Cronshaw,
Macbeath, Shackleton, Collins, Fothergill-Gilmore and Hulmes, 1992, in press). It is
possible that TRAMP may influence lysyl oxidase indirectly via aggregation of the

substrate.

"“"Iyrosine rich acidic matrix protein

53



1.10 Regulation of collagen biosynthesis

Collagen gene expression is regulated both in developmental and tissue specific
manners as well as in response to a variety of growth factors, hormones, cytokines and
pharmacological inducers (for a review, see Bornstein er al., 1982; Raghow and
Thompson, 1989; Sandell and Boyd, 1990; Vuorio and de Crombrugghe, 1990;
Ramirez and Liberto, 1990). The regulation of collagen gene expression is complex
utilising transcriptional, post-transcriptional and translational mechanisms.

Different collagen genes are activated in specific cells or tissues during
embryogenic development. For example, fibroblasts synthesise predominantly types I
and III collagens (Tolstochev et al., 1981), and chondrocytes synthesise type II
collagen (Mayne and Burgeson, 1987). The activation of different collagen genes in
specific cells or tissues during embryogenic development, their restricted expression in
specific tissues of adult organisms and the changes in expression of certain of these
genes in several disease states have prompted studies aimed at identifying the regulatory
segments of these genes.

Putative regulatory sequences have been deduced from sequence comparisons
between collagen genes and homologous structures known to be involved in the
regulation of other eukaryotic genes. The location of the initiation codon, the TATA and
CAT boxes on the 5’ proximal region of the gene, precise location of splicing junctions
that follow Chambon’s rules and multiple poly A addition sequences in the 3’ proximal
area of the collagen gene have been well established (de Wet et al., 1987; Chu ez al.,
1985).

Transgenic mice have provided an experimental system which has allowed the
determination of the specific DNA sequences of a gene that have the ability to confer
tissue specific expression in intact animals (Vuorio and de Crombrugghe, 1990).
Typically, a chimeric gene in which potential regulatory sequences are fused to a marker
gene (e.g. chloramphenicol acetyltransferase, CAT) is introduced into the germline of
mice, and the expression of the marker gene monitored in different tissues. A 2000
base pair (bp) fragment upstream of the start of transcription of the mouse o2 (I) gene

has been fused to the bacterial gene of CAT and introduced into the germline of mice.
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The expression of the CAT transgene was found to be high only in tissues rich in type I
collagen (Khillan et al., 1986). Therefore, the 2000 bp segment 5’ to the transcription
start site was shown to be sufficient to confer tissue specificity. An o1 (II) collagen
promoter-CAT chimeric gene has been demonstrated to show selective expression in
tissues in which the endogenous type II collagen gene is expressed (Yamada et al.,
1990). Therefore, the collagen DNA sequences present in the transgenes contain the
necessary cis-acting elements which by interacting with defined cellular factors (see
below) determine the expression of these transgenes in specific cells and tissues of
intact animals.

In the mouse a1 (I) gene a cell-specific enhancer has been located in the first intron
(Rossi and de Crombrugghe, 1987). The insertion of mouse leukemia retroviral
sequences in the first intron of the mouse a1 (I) collagen gene was shown to result in a
block in transcription of this gene (Hartung et al., 1986). Heterozygous mice that
harboured the inserted sequences in one allele were shown to have a phenotype
corresponding to a mild form of type I osteogenesis imperfecta (see section 1.12). This
was because only 50% of the normal amount of collagen was synthesised. A possible
explanation for the absence of transcription of the o1 (I) collagen gene was that the
inserted viral sequence would disrupt an enhancer located in the first intron.

An 800 bp DNA sequence located in the first intron of the rat a1 (II) gene together
with the promoter was shown to stimulate transcriptional activity (Horton ez al., 1987).
The enhancer was shown to be maximally active in chondrocytes, with little response
observed in chicken fibroblast or myoblasts (Horton et al., 1987). The enhancer
activity was shown to be lost in chondrocytes treated with retinoic acid which
suppresses chondrogenesis. The mechanism by which this phenotypic-enhancer
functions is not known.

Both positive and negative cis-acting elements have been identified in the first
intron of the human a1 (I) collagen gene (Bornstein and Mackay, 1988; Bornstein ez
al., 1988). Negative acting elements (silencers) share the properties of enhancers in
being able to function in either orientation and being relatively independent of position,
but repress rather than enhance transcription. The first intron of the human al (I)

collagen gene has been shown to contain a negatively acting element that inhibits
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transcription of the CAT gene driven by either a collagen or SV40 basal promoter
(Bornstein er al., 1987). This element has been shown to be flanked by sequences that
both neutralise the inhibitory effect, and impart a net negative effect on transcription
(Bornstein and Mackay, 1988). The presence of the intact intronic sequence was shown
to stimulate transcription by a factor of 2-3 fold in comparison with intron deleted
plasmids. However, the isolated negatively acting element inhibited transcription by a
factor of 15-20 fold. The expression of the al (I) collagen gene appears to be
controlled by several intronic elements that function coordinately with 5’ flanking and
promoter elements. However, the understanding of the regulatory elements in the first
introns of the a1l (I) and a2 (I) collagen gene is still incomplete.

Several DNA-binding factors present in nuclear extracts of NIH-3T3 fibroblasts
interact at approximately the same location of the promoters in the a1 (I) and a2 (I)
collagen genes (Vuorio and De Crombrugghe, 1990; Ramirez and Liberto, 1990). One
of the factors, a heterodimer (Mr 39 and 41 kDa) was shown to bind to a CCAAT motif
in the mouse a1 (I) and a2 (I) gene (Maity eral., 1988). A purified preparation of the
CCAAT binding protein was shown to stimulate initiation of transcription of both type I
collagen genes in a reconstituted in-vitro transcription system (Maity et al., 1988). Two
additional DNA-binding factors that bind to sequences immediately 5’ to the binding
site for the CCAAT-binding protein have been shown to be negative regulatory factors
(Vuorio and de Crombrugghe, 1990). The two negative regulatory factors and the
positive CCAAT-binding factor have been suggested to participate in the coordinate
control of the type I collagen genes.

An important structural feature of the DNA of actively transcribing genes is that it
is generally hypomethylated in critical sites. Investigations have shown that DNA
methylation in eukaryotes is associated with the long term inactivation of genes during
development (Razin and Riggs, 1980). However, the analysis of collagen genes in
terms of their methylation status is somewhat controversial. The middle and the 3’
regions of a2 (I) gene have been shown to contain methylated sites (McKeon et al.,
1982). However, no differences were found in the methylated pattern of this region
between cells that actively transcribe type I collagen and cells that do not (McKeon et

al., 198 2. In contrast, the
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o1 (IT) gene in chondrocytes was shown to be undermethylated compared to the gene
in fibroblasts or erythrocytes (Fernandez et al., 1985). However, this investigation was
incomplete due to examination of only a small portion of all methylated sites, and the
use of probes that corresponded only to the 3’ region of al (II) gene. The methylation
pattern of the 5’ region of the gene has been shown to play the most important role in
regulation of gene expression compared to the other areas of the gene .

Interestingly, high levels of a2 (I) collagen mRNA are present within chondrocytes
(Olsen, 1991). However, the chondrocytes utilise a transcriptional start site within the
a2 (I) gene which is different from that used in fibroblasts (Bennet and Adams, 1990).
Consequently, the o2 (I) mRNA does not code for proa.2 (I) chains but potentially for
a non-collagenous polypeptide.

A host of biological and pharmacological agents influence collagen gene
expression. Transforming growth factor B (TGF-B) has been shown to stimulate the
synthesis of a number of extracellular matrix protein, including types I and III collagen
(Sporn and Roberts, 1989). TGF-B has been shown to activate the chimeric o2 (I)
collagen-promoter CAT gene in NIH-3T3 cells (de Crombrugghe et al., 1990). A
binding site for the transcription factor NF-1* was shown to mediate the TGF-J
activation of the a2 (I) promoter. A 3-bp substitution mutation in the binding site
abolished the binding of NF-1, and also prevented the induction of the promoter by
TGF-B (de Crombrugghe et al., 1990). NF-1 may mediate the transcriptional activation
of the a2 (I) collagen promoter by TGF-B. The latter may also increase the expression
of type I collagen genes by other mechanisms. Under certain conditions, the stability of
a1 (I) mRNA has been shown to increase in TGF-J3 treated cells (Raghow ez al., 1987;
Penttinen et al., 1988). The preferential stabilisation of mRNAs specifying type I
collagen may be another mechanism by which TGF- 3 enhances the synthesis of type I
collagen in mesenchymal cells.

Steroid hormones have been shown to have profound effects on collagen
biosynthesis (for a review, see Cutroneo et al., 1986). Steroid hormones appear to

regulate collagen biosynthesis by a complex mechanism that may involve both

" Nuclear factor 1 (NF1): A family of nuclear proteins exhibiting identical DNA binding
specificities (see Santoro et al., 1988).
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transcriptional repression (Weiner et al., 1987; Cockayne and Cutroneo, 1988), as well
as by a mechanism utilising preferential destabilisation of procollagen mRNA’s
(Hamalainen et al., 1985).

A conserved inverted repeat sequence has been located in the first exon of ol
(I, a2 (I), and a1 (III) genes (Yamada ez al., 1983). It’s location around the start of
translation has prompted the hypothesis that the sequence may have a role in
translational control. The inverted repeat could theoretically form a stable inverted loop,
thus providing a potential regulatory focus that could participate in translational
discrimination of the a1 (I), 2 (I), and o1 (II) mRNAs. However, partial deletion of
this segment has suggested that the sequence has no influence on translation (Bornstein
et al., 1988). Additional experiments are needed to understand the role of this
conserved inverted repeat sequence.

Lichtenstein ez al (1973) observed that cells from patients with Ehlers-Danlos VII
syndrome (see section 1.12) where removal of N-propeptides is defective, showed an
elevated rate of collagen synthesis. They raised the hypothesis that cleavage of N-
propeptides may regulate the synthesis of collagen by feedback inhibition. Wiestner et
a (1979) demonstrated that the intact N-propeptide of type I or III procollagen could
selectively inhibit collagen biosynthesis by human fibroblasts without affecting total
protein synthesis, procollagen degradation or procollagen hydroxylation. The effect
was collagen type specific since the addition of type I procollagen N-propeptide to the
media of cultured fetal calf chondrocytes or chick sternal chondrocytes was shown not
to inhibit collagen II synthesis (Paglia eral, 1981). As mentioned above, the mRNAs
for a1l (I), a2 (I), and o1 (IIT) contain inverted repeats at the 5° end capable of forming
a hairpin structure. The hairpin cannot be formed in the a1 (II) mRNA (Kohno eral.,
1985). Whether this observation has implications for the mechanisms of N- and C-
propeptide feedback inhibition remains to be established

The intact propeptide and certain subfragments derived from the propeptide have
been shown to selectively inhibit collagen synthesis by inhibiting translation of the
collagen mRNA (Horlein et al., 1981; McPherson et al., 1982; Perlish et al., 1985).
Different fragments of the N-propeptide were found to inhibit synthesis with different

degrees of selectivity and its various steps of translation. A synthetic copy of a highly
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conserved portion of the C-propeptide (22 amino acids) of human proa2 (I)
procollagen has been shown to specifically inhibit collagen synthesis in human
fibroblast (Aycock et al., 1986). Since there was no significant change in the steady
state level of collagen mRNAs, a post-transcriptional regulatory mechanism was
proposed (Aycock et al., 1986). The minimum sequence necessary to inhibit collagen
synthesis by the N-propeptide (McPherson er al., 1982) is not found in the highly
conserved portion of the C-propeptide. In contrast with Aycock etral (1986), both the
C- and N-propeptide were shown to decrease steady state levels of a2 (I) mRNA in
human fibroblasts (Wu et al., 1986). Although they found a good correlation between
mRNA levels and collagen production in cells treated with the C-propeptide, such
correlation was much weaker in fibroblasts treated with the N-propeptide. They
suggested the predominant effect of the C-propeptide was at a pretranslational site. The
propeptides may be acting by decreasing the rate of transcription or increasing the rate
of mRNA degradation, or both.

Ascorbic acid acts as a cofactor for the enzymic hydroxylation of specific prolyl
and lysyl residues in procollagen during biosynthesis (see section 1.5.2). This post-
translational modification is essential for efficient procollagen helix formation and
subsequent secretion from the cell (Prockop and Kivirikko, 1984). Ascorbic acid was
shown to specifically stimulate type I and III collagen synthesis in human skin
fibroblasts (Chan ez al., 1990). The increased level of collagen synthesis after different
ascorbic acid exposure times was also shown to be achieved by a brief treatment (10
hours) of scorbutic cultures (ascorbic acid deficient) with ascorbic acid (Chan et al.,
1990). Exposure to ascorbic acid did not alter the steady state levels of collagen mRNA
levels, and therefore the increase in collagen synthesis was due to post-transcriptional

mechanisms.

1.11 Collagen degradation

The intact triple helix of type I collagen is resistant to proteolytic attack, and
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crosslinking of fibrils further increases resistance to proteases. Collagenase is the only
enzyme active at neutral pH that can cleave the interstitial collagens (for reviews, see
Harris et al., 1984; Jeffrey, 1986). It contains Zn?2+ at its active site and requires Ca2+
for maximal activity. Collagenase cleaves each a1 (I) chain at a specific site between
gly 775-ile 776 (leu in the a2 (I) chain) generating two fragments (Gross and Nagai,
1965). The low content of proline and hydroxyproline at the cleavage site produces a
relaxation in the triple helical conformation which has been suggested to facilitate the
collagenase action (Kuhn, 1987). The two resulting fragments denature at physiological
temperatures and are then either degraded extracellularly by other proteinases such as
gelatinase, stromelysin and plasmin (Murphy et al., 1990) or pinocytosed and degraded
intracellularly in lysosomes.

Collagen degradation is precisely regulated at several levels which include the
synthesis and secretion of procollagenase, conversion of procollagenase to its active
form, substrate effects and the effect of tissue inhibitors (Harris ef al., 1984; Mainardi,
1985). Cytokines such as interleukin 1 and tumour necrosis factor-oo (TNF-o)
produced by mononuclear cells adjacent to fibroblasts and chondrocytes have been
shown to activate the transcription of the procollagenase gene (Krane et al., 1990).
Other cytokines surpress collagenase activity (see below).

Following secretion, procollagenase (54kDa) is converted to its active form
(collagenase) by proteolytic cleavage with serine proteinases such as plasmin,
kallikrein, trypsin or by mercurial compounds (Harris ez al., 1984). Stromelysin is a
metalloproteinase that has been shown to activate procollagenase (Murphy ez al., 1988),
and also degrade non-collagenous components of the ECM such as fibronectin, laminin
and the core proteins of PG (Alexander and Werb, 1989). In concert with collagenase it
can digest nearly all connective tissue macromolecules.

Activated collagenase will continue to degrade substrate unless it is inhibited. A
potent inhibitor of collagenase is o, macroglobulin (Harris ez al., 1984). TIMPs (tissue
inhibitors of metalloproteinases) are a group of related proteinase inhibitors isolated
from a variety of tissues (Hay, 1991). They are glycoproteins (28 kDa) which like o)
macroglobulin react with only the active enzyme. Other inhibitors of collagenase

include ovastatin and
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B anti-collagenase. TGF-p and interferon—y have been shown to decrease the levels of
collagenase activity in synovial fibroblasts (Krane et al., 1990). TGF-B acts primarily
by increasing the production of TIMP (Krane er al., 1990). The balance between the
amounts of metalloproteinase inhibitor and active collagenase determines the rate of
collagen degradation.

In heterotypic fibrils of cartilage and matrices rich in type I collagen, the FACIT
collagens (IX,XII) that coat the fibrils may protect the ‘internal’ fibril from attack by
collagenase. In this case, degradation may be a multiphasic process, involving the

initial attack of the FACIT collagens by enzymes like stromelysin (Eyre ez al., 1991).

1.12 Collagen related diseases

The use of nucleated growth in the folding of the collagen triple helix and in the
assembly of collagen monomers into fibril makes the biosynthesis of collagen fibrils
highly sensitive to mutations that alter the primary structure of the protein. Several
mutations have been identified in human procollagen genes that lead to the abnormal
biosynthesis of procollagen (for reviews, see Byers, 1990; Prockop et al., 1990;
Kuivaniemi ez al., 1991).

Osteogenesis imperfecta (OI) is a group of heritable disorders characerised by
brittleness of bone. The disease is also associated with changes in other tissues rich in
type I collagen, such as skin and the sclerae of the eyes. There is large variation in the
OI phenotype, from lethal in the perinatal period, crippling but not lethal to a mild form
of the disease where the tendency for bone fractures to occur increases only marginally.
Over 70 OI mutations have been found in type I procollagen genes (Kuivaniemi et al.,
1991). The mutations include deletions, insertions and RNA-splicing mutations. The
most common mutations are single base substitutions that convert a codon for glycine
for a codon for an amino acid with a bulkier side chain (Byers, 1990; Prockop et al.,
1990; Kuivaniemi et al., 1991). Such mutations would interfere with the folding of the

triple helix because only glycine can be accomodated in the centre of the triple helix.
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The nature and position of the glycine substitution determines the severity of the OI
phenotype (Byers, 1990). The phenotype becomes progressively more severe (mild to
lethal) as the mutation approaches the C-terminus. Triple helix formation proceeds in a
zipper-like manner from the C- to the N-terminus (see section 1.5.3). Therefore,
mutations that delay the folding of the triple helix will cause regions N-terminal to the
mutation to spend longer in the non-triple helical conformation. Since, the post-
translational enzymes are only active on non-triple helical at-chains, these regions will
undergo more post-translational modifications (overmodification).The extent of
overmodification is inversely correlated with the distance of the mutation from the C-
terminus. However, there are exceptions, and the correlation in the a2 (I) chain is
much weaker than that in the o1 (I) chain (see Sykes, 1990). Substitutions of serine for
glycine at positions 832 and 844 in the a-chain should have been lethal but were
described from surviving patients (Sykes, 1990). The type of amino acid that
substitutes the glycine can also effect the OI phenotype. The substitution of aspartate
for glycine is lethal wherever it occurs in the collagen chain, whereas arginine and
cysteine are comparatively mild towards the N-terminus.

Most of the mutants decrease the thermal stability of the triple helix enough to
unfold the triple helix (Bachinger and Davis, 1991). These unfolded procollagen
molecules are degraded intracellularly. The effects of the mutation are amplified in a
process referred to as procollagen suicide (Prockop and Kivirikko, 1984; Prockop,
1990). The mutated procollagen chains are able to associate with normal procollagen
chains via the C-propeptide. However, the trimer cannot form into a stable helix at
physiological temperature and is degraded. Kuivaniemi ez al (1991) suggested that
procollagen suicide was probably the reason why most of the mutations cause dominant
lethal forms of OL

Glycine substitutions that do not markedly affect the folding of the triple helix have
been found in lethal variants of OI. The substitution of a cysteine for glycine has been
observed by rotary shadowing to result in a kink in the procollagen molecule
synthesised (Vogel er al., 1988). The molecules with the flexible kink were found to
form co-polymers with normal collagen synthesised by the same fibroblasts (Kadler et

al., 1991). The formation of co-polymers was shown to delay fibril formation and
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generate abnormally branched fibrils (Kadler er al., 1988; Kadler eral., 1991). Byers
(1990) suggested that only a small number of abnormal molecules will be required to
produce abnormal fibrils, because of the molecular constraints needed to pack
molecules into fibrils.

Procollagen N-proteinase requires its substrate to be in a native conformation (see
section 1.7.1). A mutation that alters the structure of the proa chains at a site 500 or
more amino acids away from the N-proteinase cleavage site has been shown to inhibit
N-proteinase activity (Dombrowski ez al., 1989). Lateral displacement of the hairpin
structure which is necessary to stabilise the conformation of the cleavage site may
account for these observations (for further information, see section 1.7.1), an effect
that is further amplified by the fact that a mutation in only one proa chain can interfere
with the processing of all three proa chains. The persistence of the N-propeptide on the
collagen molecule prevents normal packing in the fibrils and leads to the formation of
abnormal fibrils.

The type VII variant of Ehlers-Danlos syndrome (EDS VII) is characterised by
laxity of joints, and usually results in dislocation of the hip and knee (Prockop and
Kivirikko, 1984). Mutations in the intervening sequence that flanks exon 6 have been
shown to cause the skipping of this exon during the processing of the RNA for the
proo chains (Ramirez ez al., 1990). Since exon 6 contains the cleavage site for the N-
proteinase, such a mutation leads to the persistence of the N-propeptide on the collagen.
The fibrils that are found in the tissues are highly irregular in cross-section and appear
like twisted ribbons.

Dermatosparaxis, an autosomal recessively inherited disease of connective tissue in
calf and sheep is characterised by extreme fragility of the skin (O’Hara ez al., 1970;
Fjolstad and Helle, 1974). Electron microscopy of the skin of animals affected with
dermatospraxis show abnormal collagen fibrils that are similar to those in EDS VII
(Pierard et al., 1986). Other tissues rich in type I collagen appear normal or only
slightly affected. A deficiency in N-proteinase activity has been found to be responsible
for the accumulation of pN-collagen in the dermis (for further information, see chapter

4).
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1.13 Introduction to the project

Cellular involvement in extracellular matrix organisation is a poorly understood
phenomenon. In this chapter, many examples have been cited where connective tissue
cells have been shown to influence collagen fibril assembly. The mechanisms involved
in the interaction of the cell membrane with collagenous molecules are poorly
understood.

The aim of the work described in subsequent chapters is to investigate the role of
cell-matrix interactions in the assembly of the extracellular matrik. The focus of the
research is the potential interaction of procollagen with cell membranes and its influence
on the initiation, control and spatial organisation of fibril assembly. The specific

questions posed by the project are as follows:

- How does procollagen/collagen bind to the surface of membranes ?

- What is the specificity of this binding ?

- What types of non-covalent interaction are involved in the binding ?

- Does the binding induce aggregation of procollagen ?

- Does the interaction have a role in the spatial organisation of fibril assembly ?
- Is the processing of procollagen enhanced at the cell surface ?

- What factors are involved in the regulation of procollagen processing ?
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CHAPTER 2

GENERAL MATERIALS AND METHODS
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2.1 Procollagen preparation

2.1.1 Materials

Fertilised hen eggs were supplied by Ross Breeders Ltd.(Newbridge,
Midlothian). Trypsin solution (2.5 % w/ v), penicillin/ streptomycin (PS; 10,000
units penicillin/ ml, 10,000 pg streptomycin/ ml) Minimal Essential Medium
(MEM), foetal calf serum (FCS), Hanks Balanced Salt Solution (HBSS) were all
obtained from GIBCO, Paisley, Strathclyde, UK. L-[5-3H]proline (30 Ci/ mmol)
was obtained from Amersham, Aylesbury, Bucks, UK. Bacterial collagenase
(isolated from Clostridium histolyticum) was supplied by Boehringer Mannheim,
Lewes, Sussex, UK. Phenylmethylsulphonylfluoride (PMSF), N-ethylmaleimide
(NEM), B-aminoproprionitrile (BAPN, fumarate salt), bovine serum albumin (BSA)
and Tris (Trizma base) were from Sigma, Poole, Dorset, UK. DEAE-Sephacel was
supplied by Pharmacia Ltd., Bucks, UK. Mixed bed ion-exchange resin (AG 50-X8,
wet bed size 300-1180 pm) was from BioRad, Herts., UK. All other chemicals
(analytical grade) were obtained from BDH Chemicals, Poole, Dorset, UK.

2.1.2 Preparation and culture of chick embryo tendon fibroblasts

The preparation of procollagen was a modification of that of Dehm and
Prockop (1971). Prior to dissection, instruments, filters and flasks were autoclaved,
and Hanks balanced salt solution (HBSS) was sterilised by filtering with a 0.2 um
bottle filter (Costar). Semi sterile techniques were used throughout the dissection.

The metatarsal tendons of 30 dozen 17 day chick embryos were removed and
placed into sterile HBSS/ 1% penicillin/ streptomycin (PS). The tendons were
washed three times in HBSS to remove blood, etc. Trypsin and collagenase were
used to digest the collagenous matrix of the tendon to produce a cell suspension. The
wet weight of the tendons was determined, and for each gram of tendon, 3 ml

Minimal Essential Medium (MEM), 0.5 ml Trypsin (2.5 % w/v) and 22 mg of
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bacterial collagenase (from Clostridium histolyticum; Boehringer Mannheim) was
added to an Erlenmyer flask (Nalgene). The flask was gassed with 95 % air/ 5 %
CO, for about 30 seconds and sealed firmly. The tendons were digested at 37 °Cin a
shaking water bath (Grant) for 1 hour until only small pieces of intact tendon
remained. Care was taken to avoid over digestion since this can lead to cell rupturing.

The digest was filtered using 2 layers of lens paper in a Swinnex filter
(Millipore). An equal volume of modified Krebs II'/ 10 % fetal calf serum (FCS)/ 1%
PS was added to the filtrate. The FCS contained inhibitors which prevent further
action of the trypsin and collagenase. The digestion enzymes were removed from the
filtrate by centrifugation (MSE centaur bench centrifuge) for 6 minutes at 1800
r.p.m., and aspiration of the supernatant. The cells were resuspended in 30 ml of
modified Krebs I/ 10% FCS/ 1% PS, using a sterile 10 ml pipette. The resuspended
cells were centrifuged at 1800 r.p.m. for 3 minutes, and the supernatant aspirated.
The cell pellet was washed a further two times in this way, and finally resuspended in
serum-free krebs II/ 1% PS. The cell number was determined using a
haemocytometer (Weber). Typically, 2 x 10° cells were obtained from 19 day chick
embryos. The cell density was adjusted to 107 cells/ ml with krebs II/ 1% PS.

The tendon fibroblasts were cultured as described by Mould and Hulmes
(1987) in the presence of about 2 uCi/ ml of L-[5-3H] proline and freshly prepared
ascorbate at a final concentration of 50 g/ ml, in an Erlenmyer flask. The flask was
gassed as previously described, sealed and incubated on an orbital shaker (Lab

Therm Shaker, Adolf Kuhner, Basel) at 37 °C for 4-5 hours.

2.1.3 Medium collection and polyethylene glycol precipitation

After the incubation period, the cell suspension was transferred to centrifuge
tubes and centrifuged for 3 minutes at 1800 r.p.m. The supernatant was collected and
centrifuged for a further 10 minutes at 3000 r.p.m. to remove cell debris. Bovine

serum albumin (BSA) was added to the supernatant to a final concentration of 5 mg/

'111.2 mM NaCl/ 5.4 mM KCV/ 1.3 mM KH,PO,/ 1.3 mM MgCl,/ 4 mM NaHCO3/ 12.5
mM NayHPO4/ 3.1 mM NaH,POy4/ 13 mM glucose, pH 7.3.
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ml. The BSA was added to bind contaminating proteases which might otherwise
degrade the procollagen. A stock solution of inhibitors (10x) was added to the
supernatant (stirring on ice), to final concentrations of 25 mM EDTA/ 10 mM N-
ethylmaleimide (NEM)/ 1 mM phenylmethylsulphonylfluoride (PMSF)/ 0.1 M Tris-
HCI, pH 7.4. Polyethylene glycol (PEG) 4000, 25% (w/v) in 0.15 M NaCl, was
added to give a final concentration of 5 % PEG. PEG 4000 at a final concentration
of 5-10 % has been shown to precipitate virtually all the procollagen in solution in
tissue culture medium (Ramshaw er al., 1984). The solution was left unstirred in the
cold room at 4 °C overnight. All subsequent procedures were undertaken at 4 °C.

The solution containing precipitated procollagen was centrifuged for 30 minutes
at 15,000 g in a J2-20 centrifuge (Beckman). The supernatant was discarded and the
procollagen pellet washed in 100 ml 10 mM Tris-HCI1 pH 7.4. After a further
centrifugation for 30 minutes at 15,000 g, the supernatant was discarded and the
pellet dissolved by stirring in 30 ml 0.4 M NaCl/ 0.1 M Tris-HCI, pH 7.4 for
approximately 4 hours. The redissolved pellet was centrifuged for 45 minutes at
27,000 g and the supernatant collected. The supernatant was then dialysed against 1
litre DEAE starting buffer (2 M urea/ 10 mM NaCl/ 2.5 mM EDTA/ 50 mM Tris-
HCI, pH 7.8 (20 °C)). An 8M urea stock solution was deionised on the day of use by
stirring for two hours with mixed-bed ion-exchange resin (BioRad AG 50-X8; wet

bead size 300-1180 pm).

2.1.4 Ion exchange chromatography

The procedures used were based on those described by Gerard and Mitchell
(1979). DEAE Sephacel (Pharmacia, supplied as a 50 % slurry in 20 % aqueous
ethanol) was equilibrated with degassed starting buffer. 40 ml of the slurry was
placed into a measuring cylinder and an equal volume of starting buffer added. The
mixture was gently shaken, and the resin allowed to settle. The supernatant was
then poured off, and the procedure repeated several times. The DEAE Sephacel was

packed into a column (1.6 x 8 cm) at a flow rate of 100 ml/ hour. After the column
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was equilibrated with starting buffer (150 ml), the dialysate was applied at a flow rate
of 20 ml/ hour. The column was then washed with two column volumes of the
starting buffer to remove unbound material. A linear salt gradient (400 ml total, 10-
300 mM NaCl) formed using a gradient former (Bethesda Research Laboratories,
Inc.), was applied to the column. Fractions of 8 ml were collected from the time of
loading the dialysate. 50 pl aliquots were assayed for 3H by scintillation counting. To
each aliquot, 350 pl water (to give a 10% aqueous phase) and 3.6 ml cocktail T
(BDH) were added in an insert vial, and counts were measured with a liquid
scintillation analyser (Packard 1900A). Procollagen peak fractions were pooled and
dialysed against storage buffer (0.4 M NaCl/ 0.1 M Tris-HCI, pH 7.4 (20 °C)), with
two changes. The pooled and dialysed procollagen was concentrated at least 40-fold
using an ultrafiltration cell (10 ml capacity Amicon cell) with a YM30 membrane
(molecular weight exclusion limit 30,000 Dalton). The filter was washed under
atmospheric pressure by stirring with 0.25 ml of the final dialysis buffer for at least
20 minutes. The wash was added to the concentrate procollagen solution to give a
final volume of 1.5 ml. The purified procollagen was divided into 0.5 ml aliquots

and stored at -20 °C.

2.2 Characterisation of procollagen

2.2.1 Hydroxyproline assay

Large amounts of hydroxyproline occur almost exclusively in collagens. An
assay for hydroxyproline provides a means of determining the concentration of
collagenous molecules. Free hydroxyproline produced by the complete hydrolysis of
peptide bonds was assayed using a method described by Woessner (1961) which
involves the conversion of the hydroxyproline to pyrrole by chloramine T, and then
the formation of a chromophore (which can be spectrophotometrically assayed at 557

nm) by reaction with p-dimethylaminobenzaldehyde (for assay protocol, see Figure
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2.1).

2.2.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

(SDS-PAGE)

SDS-PAGE was used to separate the proatl (I) and proa2 (I) chains and any
degradation products of the chains. The gel matrix consists of random chains of
polyacrylamide incorporating a small proportion of N’,N methylene-bis-acrylamide
(BIS) molecules which forms crosslinks with other chains resulting in a three
dimensional network. In the gel media, the passage of any particle is hindered by the
structure of the matrix, and the extent depends upon the relative sizes of the particles
and the pores in the gel network. The pore size is altered by changing the acrylamide
concentration.

In SDS-PAGE, all components migrate solely according to size. Sodium
dodecyl sulphate (SDS) is a strongly denaturing detergent and gives rise to
essentially random coil configurations. Dodecyl sulphate binds strongly to proteins
(Reynolds and Tanford, 1970), and 2 % SDS is sufficient to saturate the polypeptide
with approximately one detergent molecule per two amino acid residues. This amount
of highly charged detergent molecule is sufficient to overwhelm effectively the
intrinsic charges on the polypeptide chain, so that the net charge per unit mass
becomes approximately constant.

Collagenous proteins migrate anomalously on SDS gels in comparison with
most globular proteins (Furthmayr and Timpl, 1971). The a-chains of collagen
migrate slower than globular proteins of comparable molecular weight, and
additionally a difference in mobility between the equally sized a1 and o2-chain is
observed. A possible explanation for the behaviour of the collagen molecule in SDS-
PAGE may be the existence of a certain rigidity of the polypeptide structure, even in
the denatured state. The restriction in the flexibility of the random coil would be
imposed by the imino acid residues, which make up a high proportion of the collagen

sequence (Furthmayr and Timpl, 1971). Although the collagen o-chains are
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Place duplicate samples (containing approximately 2.5 pg/ ml hydroxyproline) in

Pyrex tubes with screw on tops lined with teflon. Add distilled water to give sample

volume of 1 ml. Add 1.1 ml concentrated HCI to give final concentration of 6 M.

Screw top tightly to prevent evaporation of solvent. Hydrolyse duplicate samples for

16 hours at 116°C in an oven.

2,

Evaporate hydrolysate to dryness using Speedivac concentrator (Savant
instrument Inc.). Dissolve residue in 2 ml distilled water.

Label Pyrex tubes (duplicate samples): 0, 1, 2, 3, 4, 5 pg. Add appropriate
amount of hydroxyproline (stock solution 10 pg/ ml) to each tube, and distilled
water to give 2 ml ‘standard’ volume. Treat standards in the same way as sample.
Add 1 ml chloramine T solution (0.05 M chloramine T in 20 % dH,O, 30 % 2-
methoxyethanol, 50 % buffer) to each tube in a predetermined order. The buffer
is 0.24 M citric acid/ 0.21 M acetic acid/ 0.9 M sodium acetate trihydrate/ 0.85 M
sodium hydroxide pH 6.0, stored under toluene. Mix tubes content thoroughly
using vortex. Allow to stand for 20 minutes at room temperature.

Add 1 ml perchloric acid (3.15 M) to each tube in the same predetermined order.
Mix tubes content with vortex. Allow to stand for 5 minutes.

Add 1 ml Ehrlich’s reagent (20 % 4-dimethylaminobenzaldehyde in 2-
methoxyethanol) to each tube in the same order as before. Mix contents of each
tube until schlieren pattern is no longer observed.

Incubate at 60°C (water bath) for 20 minutes. Place tubes in cold water for 5

minutes. Measure absorbance at 557 nm.

Figure 2.1 A protocol for the hydroxyproline assay
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identical in molecular weight, the ot2-chain has a higher binding capacity for SDS
and so migrates further than the a1-chain (Kubo and Takayi, 1984).

Discontinuous polyacrylamide gels (Laemmli, 1970), consisting of 4.5 %
stackinggels and 6 % separating gels were used in SDS-PAGE to analyse the

procollagen samples (for details, see Figure 2.2).

2.2.3 Fluorography

The [3H]proo-chains in the polyacrylamide gel were detected by fluorography,
using X-ray film. [3H] cannot be detected by autoradiography because of the low
energy of the P-particle emission, which is almost entirely absorbed within the
sample itself. Fluorography overcomes this difficulty by impregnating the gel with a
scintillator before exposing the gel to X-ray film. The film is not exposed directly by
the B-particle radiation, but indirectly by light generated by the interaction of [-
particles with the scintillator molecules. The fluor used in the experiment was 2,5-
diphenyloxazole (PPO; Bonner and Laskey, 1974).

The gels were fixed for 30 minutes in glacial acetic acid (Skinner and
Griswold, 1983), and then transferred into a solution of 20 % PPO in glacial acetic
acid, and agitated gently on a reciprocal shaker (Denley) for 60 minutes. 15 % PPO
gives the optimal sensitivity, however a 20 % solution was used to avoid a decrease
in detection efficiency due to any losses of PPO (Skinner and Griswold, 1983).
Excess PPO was then removed, and water was added to precipitate out the PPO in
the gel. The precipitate does not reduce fluorographic efficiency. The gel was then
washed a few times in water, and then placed into 200 ml 0.25 % (v/ v) glycerol
solution. The glycerol prevents the gel from cracking whilst being dried. After 60
minutes of gentle shaking (reciprocal shaker), the gels were covered with cling film,
and dried on a gel dryer at 70 °C for 90 minutes. The gels were then exposed to pre-
fogged X-ray film (XAR 5 X-OMAT, Kodak) at -70 °C. The efficiency of
fluorography is increased at low temperatures. Each photon of visible light produces

a single atom. However, a single silver atom in a silver halide crystal is unstable,
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1. Add 20 % (w/v) SDS to each sample to give final concentration of 2 % SDS.

2. Add one-quarter the volume of 5 x reducing sample buffer (50 % (v/v) glycerol/
2 % SDS/ 15 % (v/v) B-mercaptoethanol/ 0.05 % (w/v) bromophenol blue/ 0.125
M Tris-HCI, pH 6.8) to each sample.

3. Heat at 100 °C in boiling water bath for 3 minutes.

4. Immediately load samples on to discontinuous gels consisting of 6 % separating
(6 % (w/v) acrylamide/ 0.16 % (w/v) BIS/ 0.2 % SDS/ 0.05 % (w/v) ammonium
persulphate/ 0.125 M Tris-HCl, pH 8.8, with 0.0005 % (v/v) N,N,N’N’-
tetramethylethylenediamine (TEMED )) and 4.5% stacking gels (4.5 %
acrylamide/ 0.12 % BIS/ 0.2 % SDS/ 0.05 % ammonium persulphate/ 0.0005 %
TEMEDY/ 0.125 M Tris-HCI, pH 6.8), using Hamilton syringe.

5. Carry out electrophoresis with water cooled LKB vertical electrophoresis unit for
approximately 4 hours at constant current of 40 mA per gel in running buffer
(0.192 M glycine/ 0.1 % SDS/ 0.025 M Tris, pH 8.3). Turn current off when

dye front is 1 cm from bottom of gel.

Figure 2.2 Protocol for SDS-polyacrylamide gel electrophoresis
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undergoing thermal decomposition back to a silver ion. At room temperature, the half
life of the back reaction is 1 second. The production of a second silver atom in the
same crystal within the half-life of the back reaction stabilises the first and virtually
eliminates the chance of a back reaction occurring. The increase in efficiency of light
detection at low temperatures results from a decreased rate of thermal reversion of the
first silver atom (Lasky and Mills, 1975).

The absorbance of the fluorographic image is not proportional to the
concentration of radioactivity in the gel. The absorbance is dependent not only on the
number of disintegrations which occur, but also at the rate at which they occur. By
preexposing the film to a very short (less then 1second) flash of light, a stable pair of
silver atoms are preformed. An approximate light intensity is selected to produce
more than one silver atom in each silver halide crystal, but not enough to render most
crystals developable. After pre-fogging, the absorbance of the image is proportional
to the amount of radioactivity, since all photons produced by the sample should have
an equal chance of contributing to the growth of the latent image. Also, sensitivity to
small amounts of radioactivity should be increased, since the initiation of image
formation is no longer dependent on the rare coincidence of photons within a fixed
time interval.

Pre-fogging was performed by exposing film to a single flash from an
electronic photographic flash unit (Kodak). Two filters were taped to the window of
the flash unit, a Kodak Wratten no. 21 to reduce the light output, and a Whatman
no.1 filter paper to diffuse the light. Adjustments to the illumination intensity could
be made by varying the distance between the flash unit and the film. Positioning the
flash unit at a distance of 35 cm above the film gave an increase in background ‘fog’
of 0.15 OD units above the background level of unexposed film. For fluorographic
exposures at -70 °C, the fog absorbance of 0.15 results in a linear relationship
between fluorographic image absorbance and the amount of radioactivity (Laskey
and Mills, 1975). The film was backed by a Whatman no.1 filter paper during pre-
fogging, and the surface which had been nearest the light source was applied to the
gel. After the fluorographic exposure, the film was developed at 20 °C.
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2.2.4 Densitometry

Fluorograms were scanned using the Chromoscan 3 (Joyce Loebl) linked to an
IBM-compatible DCS microcomputer. The Chromoscan 3 was operated in
transmission mode with an aperture of 0.3 x 5 mm. The light source was a 100 W
tungsten lamp, and measurements were made at a wavelength of 530 nm. Before

calculating integrated peak intensities, a background correction was made.

2.3 Preparation of C-proteinase

The method used for the purification of the C-proteinase was a modification of
that of Hojima eral/ (1985). Prior to dissection, instruments, filters and flasks were
autoclaved. Hanks balanced salt solution (HBSS) was sterilised by filtering with a
0.2 um bottle filter (Costar). Semi sterile techniques were used throughout the

dissection.

2.3.1 Materials

Fertilised hen eggs were supplied by Ross Breeders Ltd., Newbridge,
Midlothian. Penicillin/ streptomycin (PS; 10,000 units penicillin/ ml, 10,000 pug
streptomycin/ ml) Minimal Essential Medium (MEM), and Hanks Balanced Salt
Solution (HBSS) were all obtained from GIBCO, Paisley, Strathclyde, UK. Green A
dye matrix gel was obtained from Amicon. Concanavalin A Sepharose 4B was from
Pharmacia Ltd., Bucks, UK. Methyl o-D-mannopyranoside was from Sigma,
Dorset, UK. All other chemicals (analytical grade) were supplied by BDH, Poole,
Dorset, UK.
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2.3.2 Preparation of culture medium

In total, 120 dozen 17 day chick embryo metatarsal tendons (30 dozen per
week for a month) were used for the preparation. Each week, the metatarsal tendons
of 30 dozen chick embryos were incubated in 200 ml Minimal Essential Medium
(MEM)/ 1 % PS/ 50 pg/ml ascorbate/ 64 pg/ml B-aminopropionitrile (BAPN), for 9
hours at 37 °C under 95 % air/ 5 % CO,, with gentle shaking. The cultured tendons
were centrifuged at 1800 g for 3 minutes (MSE bench centrifuge), and the
supernatant collected and stored at -20 °C. The tendons were resuspended in a further
200 ml MEM/ 1 % PS/ 50 pg/ml ascorbate/ 64 jLg/ml BAPN, and incubated for 12
hours at 37 °C. The culture medium was collected by centrifugation as above and
stored at -20 °C. The tendons were again resuspended in 100 ml of the MEM
solution, incubated for 8 hours, the culture medium collected by centrifugation, and
stored at -20 °C.

The frozen culture media harvested from a total of 120 dozen chick embryos
were then pooled (about 2 litres). The pH of the pooled media was then adjusted to
pH 7.5 with concentrated HCI. Tris, NaCl, and NaN3 were then added to the media
to give final concentrations of 0.05 M Tris-HCl/ 0.3 M NaCl/ 0.001 % NaN,, and
the pH adjusted to pH 8.0. The media was then centrifuged at 10,400 g for 30
minutes at 4 °C. The specific activity in the culture medium was determined to be 0.9

units/ mg.?

2.3.3 Chromatography on Green A Dye Matrix gel

The Green A Dye Matrix gel is used in dye-ligand chromatography, a variant of
affinity chromatography. Synthetic textile dyes are used in place of the natural
substrates or cofactors commonly employed as immobilised ligands. The mechanism
of the interaction between the dye ligands and proteins is not fully understood.

Circular dichroism spectral data (Edwards and Woody, 1977), and enzyme inhibition

? 1 unit is the amount of enzyme which cleaves 1 pg of type I procollagen in 1 hour at 35 °C in
the electrophoretic assay (see section 4.2). 1 absorbance unit was assumed to be 1 mg protein.
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studies (Dean and Watson, 1978) suggest that the dyes interact directly with the
specific substrate and cofactor binding sites. The interaction of the dyes with proteins
is strongly anionic in nature (anionic dye with cationic protein sites), but is in many
cases potentiated by apolar (hydrophobic) effects. The precise nature of the binding
mechanism of the dyes varies significantly from protein to protein, and from dye to
dye.

The Green A Matrix Gel (Amicon) was packed into a column (2.5 x 17 cm) and
washed with 6 M urea/ 0.5 M NaOH, until the dye was no longer visible in the
eluate. The wash removed sodium azide (an enzyme inhibitor used as a preservative)
and free dye. The column was equilibrated with 0.3 M NaCl/ 0.05 M Tris-HCI, pH
7.5. After application of the enzyme solution, the column was washed with
equilibration buffer at aflow rate of 40 ml/ hour until the first peak of protein had
been eluted. The column was then washed with 1M NaCl/ 0.05 M Tris-HCI, pH 7.5
at a rate of 40 ml/ hour, in order to remove impurities bound to the column. The C-
proteinase was eluted from the column with 3 M NaCl/ 2 M urea/ 0.05 M Tris-HC],
pH 7.5 at 20 ml/ hour (see Figure 2.3). Proteinase fractions were pooled (about 40
ml) and concentrated by pressure ultrafiltration in an Amicon 10 ml cell fitted with a
YM30 membrane. The concentrated pooled solution was then diluted 1:1 with 2 mM
CaCl,/ 0.15 M Tris-HCI, pH 7.5 to give final concentrations of 1.5 M NaCl/ 1 M
urea/ 1 mM CaCl,/ 0.1 M Tris-HCI, pH 7.5. The solution was clarified by
centrifugation at 17,300 g for 20 minutes. The C-proteinase was purified by 8-fold

and the specific activity was determined to be 6.9 units/ mg.

2.3.4 Con A Sepharose chromatography

Concanavalin A (con A) is a lectin that binds molecules which contain o-D-
mannopyranosyl, a-D-glucopyranosyl and sterically related molecules. Unmodified
hydroxyl groups at C-3, C-4 and C-5 of the binding sugar are required for reaction
with con A (Goldstein et al., 1965). Con A Sepharose consists of con A coupled to

Sepharose 4B, a bead-formed agarose gel. The open pore structure and the exclusion
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Figure 2.3 n A Dye Matri T hy of C-protein hick
embryo tendon Culture medium obtained by organ culture of 120 dozen chick

embryo tendons was applied to a (2.5 x 17 cm) Green A Dye Matrix column
equilibrated with 0.05 M Tris-HCI pH 7.5/ 0.3 M NaCl. The column was washed
with equilibration buffer; 0.05 M Tris-HCI pH 7.5/ 1.0 M NaCl (A) at 40 ml/ hour;
and 0.05 M Tris-HCI pH 7.5/ 3 M NaCl/ 2 M Urea (B) at 20 ml/ hour. The fraction

was 10 ml. Bracketed fractions were pooled.
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limit of Sepharose 4B (2 x 107) makes the interior of the matrix available for ligand
attachment, and ensures good binding capacities even for large molecules. The matrix
also exhibits extremely low non-specific adsorption which is essential because the
power of affinity chromatography relies on specific interactions.

The con A Sepharose 4B (Pharmacia) was packed into a column (1.5 x 15 cm)
and washed with 1.5 M NaCl/ 1 M urea/ 1 mM CaCl,/ 1 mM MnCl,/ 1 M methyl o-
D-mannopyranoside/ 0.1 M Tris-HCI, pH 7.5 (con A elution buffer) at 10 ml/ hour
to remove any ‘free’ con A. The column was then equilibrated with 1.5 M NaCl/ 1
M urea/ 1 mM CaCl,/ 1 mM MnCl,/ 0.1 M Tris, pH 7.5 (equilibration buffer) at 5
ml/ hr. The enzyme solution was then applied to the column at 10 ml/ hour. After
washing the column with 30 ml equilibration buffer, the C-proteinase was eluted
with 1.5 M NaCl/ 1M urea/ 1 mM CaCl,/ 1 M a-methyl-D-mannoside/ 0.1 M Tris-
HCI, pH 7.0 at 5 ml/ hour (Figure 2.4). Proteinase fractions were pooled (120 ml)
and concentrated by pressure ultrafiltration, (10 ml capacity Amicon cell with a
YM30 membrane). The concentrated pooled C-proteinase was dialysed against 1.5 M
NaCl/ 5 mM CaCl, / 0.01 % NaN,/ 0.05 M Tris-HCI, pH 7.5 and then stored at -20
°C. The C-proteinase was purified by 43-fold and the specific activity was

determined to be 36.8 units/ mg (see section 4.2).

2.4 Preparation of pepsinised collagen

The method used for the pepsinisation of collagen was based on that of Miller
(1972). Lathyritic rat skin type I collagen was a generous gift of Mr J.R.E.
MacBeath. An aliquot of collagen was dialysed against 0.5 M acetic acid at 4 °C.
Pepsin (from porcine gastric mucosa, Boehringer Mannheim) was added to the
collagen solution in an enzyme:substrate weight ratio of 1:10. The pepsin digestion
was carried out for 18 hours at 4 °C. Following the incubation, the digestion mixture
was clarified by centrifugation at 50,000 g for 1 hour at 4°C. Collagen was then

precipitated from the clarified solution by the addition of crystalline NaCl to a
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Figure 2.4 Con A Sepharose chromatography of C-proteinase from chick embryo

tendons The enzyme solution was applied to a Con A column (1.5 x 15 cm)
equilibrated with 0.1 M Tris-HCI pH 7.5/ 1.5 M NaCl/ 1M urea/ 1 mM CaCl,/ 1 mM
MnCl, (A). The column was washed with equilibration buffer; 1 M a-methyl D-
mannoside. The fraction size was 6 ml and the flow rate 5 ml/ hour. Bracketed

fractions were pooled.
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concentration of 2.0 M. The resulting precipitate was retrieved by centrifugation at
50,000 g for 1 hour at 4 °C and redissolved in 1 M NaCl/ Tris-HCI, pH 7.5. The
collagen solution was then concentrated and transferred into 0.15 M NaCl/ 8.1 mM
Na,HPO,4/ 1.9 mM NaH,POy, pH 7.4 using an Amicon microconcentrator. The
concentration of the pepsinised collagen was typically 400 pg/ ml determined using
the hydroxyproline assay (see Figure 2.1).

[3H]collagen was produced by the pepsinisation of [3H]procollagen using the
above method. SDS-PAGE and fluorography showed the procollagen propeptides to
be absent (see Figure 3.2).

2.5 Cross-linking of procollagen

The cross-linking reagent glutaraldehyde (25 % w/ v) was added to the
[3H]procollagen solution to a final concentration of 1 % at 20 °C. The cross-linking
reaction was stopped after 2 minutes by the addition of 100 pl of 2 M NaBH, (in 0.1
M NaOH). Excess NaBH, was removed by excessive dialysis against 10 mM
phosphate buffer pH 7.4/ 0.15 M NaCl.

2.6 Gel filtration of procollagen

The gel filtration procedure used was similar to that described by Mould et al
(1990). A Sephacryl S500 column?® (Pharmacia,1.5 x 55 cm) was equilibrated with
10 mM phosphate buffer pH 7.4, 0.15 M NaCl, 0.5 % (w/ v) Brij 35 at a flow rate
of 5 ml/ hour at 20 °C. 1.0 ml of [3H]procollagen solution (glutaraldehyde fixed) in
equilibration buffer was loaded on to the column at 5 ml/ hour. The column was then
eluted with the equilibration buffer. Fractions of 0.8 ml were collected from the time
of loading the sample. For each fraction (50 pl aliquot), 3H radioactivity was

detected by liquid scintillation counting using Cocktail T.
% The column was packed by L.Vuillard.
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2.7 Preparation and characterisation of liposomes

The value of liposomes as model membrane systems derives from the fact that
liposomes can be constructed of natural constituents such that the liposome
membrane forms a bilayer structure which is in principal identical to the lipid portion

of natural cell membranes.

2.7.1 Materials

Bovine brain sphingomyelin (SPM) and dimyristoylphosphatidylcholine (PC)
were purchased from Avanti Polar Lipids, Pelham, Alabama. Bovine spinal cord
phosphatidylserine, wheat germ phosphatidylinositol and egg phosphatidylserine
were supplied by lipid products, UK. L-3-phosphatidylcholine, 1-2-di[1-14C]Joleoyl
(105 mCi/ mmol) was purchased from Amersham, Bucks, UK. BioGel P6-DG and
n-octyl-B-D-glucoside was obtained from Sigma, Poole, UK. All other reagents

were obtained from BDH Chemicals, Poole, Dorset, UK.

2.7.2 Preparation of liposomes

Phospholipid membranes form spontaneously as a result of unfavourable
interactions between phospholipids and water (New, 1990). The emphasis in making
liposomes is not towards assembling the membranes (which happens of its own
accord), but towards getting the membrane to form vesicles of the right size and
structure. The main difference between the various methods of manufacturing
liposomes is in the way in which the membrane components are dispersed in aqueous
media, before being allowed to coalesce in the form of bilayer sheets. The mode of

dispersion used in this study was detergent solubilisation (detergent removal

method).
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2.7.3 Detergent removal method

In this method, phospholipids are brought into intimate contact with the
aqueous phase via the intermediary of detergents, which associate with phospholipid
molecules and serve to screen the hydrophobic portions of the molecule from water.
The structures which form as a result of this association are known as micelles, their
shape and size depending on the chemical nature of the detergent. The removal of
detergent (using gel filtration or dialysis) from preformed mixed micelles containing
phospholipids leads to a spontaneous formation of unilamellar vesicles (Houslay and
Stanley, 1982).

The detergent used in this method was n-octyl B-D-glucoside (Mimms ez al.,
1981; Jackson er al., 1982). In contrast to phospholipids, detergents are highly
soluble in both aqueous and organic media, and there is an equilibrium between the
detergent molecules in the water phase and in the lipid environment of the micelle.
The critical micelle concentration (CMC) is the concentration of detergent in water at
which micelles just start to form, and can give an indication of the position of the
equilibrium. The advantage of n-octyl B-D-glucoside is that it has a high CMC (23.2
mM, New, 1990) which indicates that the equilibrium is strongly shifted towards the
aqueous phase, so that removal from the mixed micelle upon lowering the
concentration of detergent in the aqueous phase by gel filtration (Perez-Castineira,
1990) or dialysis (Baron and Thompson, 1975) is relatively easy.

The liposomes were prepared fresh prior to use. Lipids used for the formation
of liposomes were initially obtained in a chloroform/ methanol (2:1 v/v) solvent.
Latterly, bovine brain sphingomyelin (SPM) and dimyristoylphosphatidylcholine
(PC) were obtained lyophilised to ensure no solvent contamination. The lipids (total
concentration 10 mM) were dried down to a thin film in a glass vial, using a stream
of nitrogen.The dried film or lyophilised lipid was then dissolved by stirring
overnight in 1 ml of 50 mM n-octyl-B-D-glucoside (previously purged by bubbling

with a stream of nitrogen). The detergent/ lipid ratio was 5:1 which is sufficient for
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effective solubilisation of lipids, and thus avoids the formation of lipid aggregates
(Mimms et al., 1981).

Removal of detergent from the mixed micelle was as described by Perez-
Castineira and Apps (1990). Desalting gel (Bio-gel P6-DG; exclusion limit 7000)
was allowed to swell for four hours in 0.15 M NaCl/ 8.1 mM Na,HPO,/ 1.9 mM
NaH,PO,, pH 7.4, and then packed into a microcentrifuge tube (supported by glass
wool) by centrifugation (MSE centaur bench centrifuge) for 1 minute at 1200 r.p.m.
Detergent dissolved lipid (200 pl) was then applied dropwise to each microcentrifuge
tube* containing 1 ml of dried desalting gel. After centrifugation (as above), a turbid
solution was collected. The liposome solution was diluted 1:1 with 0.15 M NaCl/ 8.1
mM Na,HPO,/ 1.9 mM NaH,PO,, pH 7.4, and then stored at 4 °C in an atmosphere
of nitrogen. The liposomes were used within 8 hours of preparation.

The recovery of lipid during liposome preparation was determined by the
incorporation of L-3-phosphatidylcholine, 1-2-di[1-14CJoleoyl®* (Amersham, 105
mCi/ mmol) into the liposomes. 10 pl of [14C]PC in chloroform/ methanol was dried
to a thin film in a glass vial. Lyophilised SPM (10 mM) was added to the vial and
dissolved in 1 ml of 50 mM n-octyl-B-D-glucoside (see above). 100 pl of the
dissolved lipid solution was assayed for 3H by scintillation counting. After liposome
preparation (see above), a 100 pl aliquot was assayed for 3H. The recovery of SPM
was determined to be 8.9 % * 0.8 % (standard error of the mean, n=6). The
concentration of lipid recovered after the liposome preparation was assumed to be 0.9

mM.

2.7.4 Characterisation of the liposomes

To ensure the liposomes were capable of providing an adequate surface for the
interaction, the size distribution of the liposome preparation was determined. Two
techniques were used to determine the size and polydispersity of the liposome

preparations, quasi-elastic light scattering and electron microscopy.

“ The microcentrifuge tube with a hole in its base was supported on a 10 ml centrifuge tube.
S Abbreviated as [14C]PC.
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2.7.4.1 Electron microscopy

Negative stain electron microscopy is a useful method for determining the size
distribution of liposomes and also whether the liposomes are multi or unilamellar.
The technique of negative staining is based on embedding the particulates in a thin
film of an electron dense ‘glass’. When examined by electron microscopy, the
relatively electron transparent particulates appear as bright areas around a dark
background (for details of specimen preparation, see section 2.8.1). Liposomes were
also examined by electron microscopy after rotary shadowing with platinum (see

section 3.5.1).

2.7.4.2 Photon correlation spectroscopy (PCS)

Liposomes were analysed by photon correlation spectroscopy (PCS, Pusey,
1989) to determine their translational diffusion coefficient, and hence their diameter.
PCS first described by Berne and Pecora (1976) is the analysis of the time
dependence of intensity fluctuations in scattered laser light due to brownian motion of
particles in solution/ suspension. Since small particles diffuse more rapidly than large
particles, the rate of fluctuations of scattered light varies accordingly. Thus, the
translation diffusion coefficient (D) can be measured, which in turn can be used to
determine the mean hydrodynamic radius (Ry,) of the particles using the Stokes-
Einstein relation (see below). Once the signal has been recorded in terms of a series
of photomultiplier bursts over a period of time, a mathematical process called
correlation is carried out in which the similarity between the signal and itself
separated from the original by a time delay is measured. This is performed by
multiplying the amplitudes of the signal and its time delayed copy together at different
time points to give a correlation function. As the signals become more and more out
of phase with each other (i.e. time separation is increased), their randomness with

respect to each other results in a decay of the correlation function to a constant value.
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The correlation function at any given time separation is described mathematically as;

G =<N>2 (1+Bc'n)

in which N is the intensity of the signal averaged over many sample times, B is a
constant determined by mechanical constraints of the apparatus and the sampling
procedure, and I', the decay constant, is 2DK? where K = 47t/ An sin(6/ 2) and n is
the refractive index and D is the diffusion coefficient of the particles causing the
fluctuation. Having obtained a value for the diffusion coefficient, the particle radius

can then be determined by inserting D in the Stokes-Einstein relation;

D=ka61£T]RH

Where k= Boltzmans constant, T= absolute temperature, 1 = solvent viscosity and

Ry = mean hydrodynamic radius.

PCS measurements were made on a Malvern 4700c system with an argon-ion
laser (Innova 4). The argon ion laser was set at 514.5 nm with a power range from
approximately 100 to 250 mW. This was focussed into the centre of the cell (1 cm
diameter cylindrical quartz (ALV lasers F.R.G.)). To remove dust or contamination,
cells were stored in sulphuric acid. Prior to use, cells were thoroughly rinsed with
distilled water to remove traces of acid, and then with filtered sample buffer. Both
buffer and sample were filtered using 0.45 pm nucleopore filters. Drops of the
liposome preparation were transferred on to the side of the cells. The cuvette
containing the filtered liposome solution was placed into the water bath (25 + 0.1°C)
of the spectrometer. Careful control of the temperature minimised any potential errors
due to variation in fluid viscosity, and also minimised random convection currents
superimposed on the brownian movement which would lead to substantial errors in
particle size measurement. The experimental time was set to 10 seconds, and each

measure was made up of several runs (typically 10). The software calculated the
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mean value of the integration of counts for each run and rejected any run with a
significant difference in integration. The photomultiplier assembly collected the

scattered light (at 90 °) and transmitted signals to the correlator.

2.8 Electron microscopy

The intrinsic contrast of biological material in the electron microscope is poor
because the scattering of the carbon atoms in the support film is of approximately the
same magnitude as that of all the principal atoms (carbon, nitrogen, oxygen,
phosphorous and sulphur) of the material. Therefore, heavy metals of very high
scattering power are deposited in such a way that the pattern of the metal indicates the
features of the sample.

Negative staining and rotary shadowing can be used to visualise
macromolecules in the electron microscope. Negative staining offers the advantages
of higher resolution, ease of preparation and gentle conditions, thus minimising
artifacts. However, for procollagen, a long rod shaped structural protein, the contrast
provided by negative staining is inadequate to obtain good images. Rotary
shadowing allows procollagen molecules to be visualised in transmission electron

microscopy (TEM).

2.8.1 Negative staining

Negative staining as a method of contrast enhancement was developed by Hall,
(1955). It is a simple and rapid method for studying the morphology and structure of
particulate specimens. This method offers the advantages of higher resolution than
rotary shadowing (Walker ez al., 1985), ease of preparation, and gentler conditions
with fewer experimental steps, thus minimising artifacts. Staining is achieved by
using heavy metal salts which upon drying, form a glassy cast of the embedded

objects. The electron density difference between the specimen and the surrounding
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heavy metal atoms produces the contrast. The specimen substructure is revealed by
the penetration of the stains into its holes and crevices. Uranyl acetate and sodium
phosphotungstate (PTA) are the most commonly used negative stains.

The drop method of Huxley and Zubay (1960) was used for the preparation of
specimens. A carbon, collodion coated copper grid was clamped in a pair of
anticapillary forceps. A 10 pl drop of specimen suspended in buffer was placed onto
the coated grid. 1 minute was allowed for the specimen to attach to the collodion
film. Excess buffer was drawn off using the edge of a piece of filter paper (Whatman
no. 1), held at 90° to the plane of the grid. The grid was then washed by applying
and drawing off several drops of assay buffer. A drop of 1 % phosphotungstic acid
(PTA) pH 7.4 was then placed on to the grid for 30 seconds. The bulk of the PTA
solution was then drawn off using filter paper, to leave behind a thin film of stain.
The grid was then allowed to dry thoroughly before being viewed in a Philips CM12
electron microscope. To ensure adequate spreading and good staining many grids
were prepared each with a different specimen dilution. The grids were viewed and
photographed within 1 or 2 days of preparation (recrystallisation of the negative stain

can occur on storage).

2.8.2 Rotary shadowing

This technique involves the shadowing of a rotating specimen with a heavy
metal from an oblique angle, in vacuo. The observation of single molecules with the
electron microscope after shadow casting with metals dates back to the early forties
(Williams and Wyckoff, 1945). One of the critical improvements of this technique
was made by Hall using freshly cleaved mica which is flat to atomic dimensions, as
the inert surface (Hall, 1956). Later, advances came in terms of resolution with the
introduction of cryoprotective agents (glycerol or ethylene glycol) and a rotating stage
on which the samples are mounted during shadow casting. The technique has been
successfully used to elucidate the structures of myosin (Elliot and offer, 1978);

spectrin (Shotten ez al., 1979); and procollagen (Bachinger et al., 1982). The rotary
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shadowing of connective tissue molecules has been reviewed by Furthmayer and
Madri (1982).

The low resolution mapping of protein-protein and protein-nucleic acid
association sites has been determined by rotary shadowing. The association of
spectrin with actin via its end (Glenney et al., 1981), and a complex between E.coli
RNA polymerase haloenzyme and T7 DNA (Koller et al., 1978) have been visualised
by rotary shadowing. This is the first demonstration of the use of rotary shadowing
in examining protein-lipid interactions. Potential artifacts are inherent in the use of
electron microscopy. Each step in the rotary shadowing procedure has the potential
for creating artifacts. Therefore, information collected on procollagen-lipid interaction
using rotary shadowing was interpreted in conjunction with data from the density

gradient centrifugation binding studies (see Chapter 3).

2.8.3 Specimen preparation for rotary shadowing

The preservation of biological material prepared for rotary shadowing depends
strongly on the dehydration procedure used. Simple air drying is harmful, since
surface energy phenomena associated with the liquid-gas interface may alter the
original features of a structure (Anderson, 1952). Two widely used methods to help

preserve the structure for subsequent shadowing are glycerol drying and freeze

drying.

2.8.3.1 Glycerol drying

The introduction of glycerol as a protective agent during drying at low and
room temperature has vastly improved the quality of the images observed (Elliot and
Offer, 1978; Shotten et al., 1979). The exact reason for the effect of glycerol is not
known. The exchange of glycerol with intramolecular water may slow the drying
process or modify the interfacial tension at the surface of the specimen. Drying in its

absence may lead to the collapse of domains within the molecules, or to a more
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compact structure of the molecule. Glycerol drying has proved effective in the
presence of physiological concentrations of non-volatile salts. Tyler and Branton
(1980), surmised that as the glycerol containing solvent evaporates, the retreating
edge of the liquid droplet sweeps the surface and carries with it molecules that do not

adhere to the substrate.

2.8.3.2 Freeze drying

Freeze drying is an established technique for the preservation of biological
structure (Williams, 1953). The biological structures are adsorbed or sprayed onto
mica, and are then rapidly frozen with liquid nitrogen. The specimen is then dried by
vacuum sublimation of the frozen water. Fowler and Aebi (1983) have shown that
freeze drying has significant advantages over glycerol drying for preserving
structural details in a range of supramolecular assemblies. Since volatile molecules
pass directly into the vapour phase, the specimen is not exposed to potentially
damaging surface tensions. Freeze drying has been shown to preserve the structural
details of crystalline actin sheets, actin filaments and keratin filaments that are often
lost during drying at room temperature in the presence of glycerol (Fowler and Aebi,
1983).

2.8.4 Deposition of the sample on to the mica substrate

2.8.4.1 Spraying

The protein solution in 70 % glycerol is usually sprayed at room temperature to
form a cloud of droplets, some of which are caught onto the freshly cleaved mica
substrate (Shotten et al., 1979). Droplets have also been sprayed onto mica cooled to
the temperature of liquid nitrogen (Elliot and Offer, 1978; for details of the specimen
preparation, see Figure 2.5).

Damage to supramolecular assemblies and to some larger macromolecules can
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(a)

1. Connect glass Pasteur pipette to nitrogen supply with flexible tubing. Clamp
pipette about 30 cm from vertical screen (perspex sheet covered with absorbent
paper).

2. Insert point of tweezer (Dumont) into side of 4cm? mica sheet (Agar Aids). Use
another tweezer to pries mica pieces apart.

3. Attach freshly cleaved mica to vertical screen using small piece of double-sided
adhesive tape (3 mm?2). Direct nitrogen flow on to mica sheet.

4. Mix sample (protein concentration typically 200 pg/ ml) by gentle pipetting with
glycerol to give final concentration of 65 % (v/v) glycerol.

5. Use pipette with fine plastic tip (TI-FLEX, Scotlab) to take up 50 ul of glycerol

diluted sample. Remove tip from pipette. Place narrow end in front of
nitrogen source (0.5 bar) to expel sample as fine spray. Stop nitrogen flow.

6. Attach mica to rotary stage of vacuum coating unit (Edwards E306A) with small
piece of double sided adhesive tape. Evacuate coating unit to 0.1 Torr with the
rotary pump. Evacuate to 2 x 10-5 with the diffusion pump.

(b)

1. Submerge brass block (diameter 50 mm; depth 15 mm) into liquid nitrogen for
several minutes. Immediately prior to spraying, clamp frozen brass block 30 cm
from nitrogen supply.

2. To prevent ‘frost’ formation on the brass block, obstruct nitrogen flow (0.5 bar).

3. Place freshly cleaved 4cm2 mica sheet onto frozen brass block. Remove
obstruction to nitrogen flow. Spray sample as above.

4. Place brass block immediately into coating unit. Insert thermocouple into brass
block. Evacuate coating unit to 2 x 10-5 Torr.

5. After 60 minutes remove high vacuum. Use flexible tubing to connect liquid
nitrogen supply to closed aperture of coating unit. Open aperture to allow dry N,

into unit.

Figure 2.5 A protocol for the spraying of specimen on to mica. (a) Glycerol dried.
(b) freeze dried
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readily occur by this technique. Actin filaments are abnormally short after
spraying,indicating a shearing of filaments during droplet formation (Tyler and
Branton, 1980; Mould et al., 1985). Spraying a solution of macromolecules onto a
mica substrate, creates velocity gradients in the flowing liquid, generating viscous
forces in the solution, and subjecting the molecules to varying degrees of shear
stress. Mould eral (1985) have shown that this stress can be great enough to bring
about the shear rupture of some elongated macromolecules and supramolecular

structures.

2.8.4.2 Mica-sandwich technique

Mould eral (1985) developed a gentler spreading procedure than spraying, the
mica-sandwich technique. The sample is sandwiched between two freshly cleaved
mica sheets and allowed to adsorb to the surface. The sandwiching procedure can be
employed in conjunction with either glycerol drying or with freeze drying (for details
of specimen preparation, see Figure 2.6). This technique has several advantages over
spraying. The observations of Mould et al (1985) on collagen and F-actin show it is
less likely to cause fragmentation, yields a more uniform distribution of the specimen
and only a very small sample volume at low concentrations is required.

The metal chosen for this study was platinum which has been shown to give
good resolution and is easily evaporated by resistive heating (Abermann et al, 1982;

for details of the rotary shadowing procedure, see Figure 2.7).

2.9 Immunoblotting

Immunoblotting is a method of detecting or identifying proteins on the basis of
their immunogenecity. Proteins are fractionated by SDS-PAGE and transferred
electrophoretically to a nitrocellulose membrane (Towbin et al., 1979). Specific
proteins can be identified on the membrane by their ability to bind a particular

antibody.

92



(a)

1. Cleave 4 cm? mica sheet by inserting point of tweezer into its side. Use another
tweezer to pries mica pieces apart.

2. Use a micropipette to place a 5 pul drop of sample (protein concentration typically
200 pg/ ml) in 0.2 M ammonium acetate to newly formed surface. Reappose
other newly formed surface on top causing drop to spread between the two.

3. Place sandwich in a humid atmosphere. Allow 4-5 minutes for the specimen to
adsorb to the mica substrate.

4. Submerge brass block in liquid nitrogen (15 x 50 mm). Plunge mica sandwich
into liquid nitrogen. Separate mica pieces under liquid nitrogen by fracturing ice
layer.

5. Quickly place frozen mica sheet with ice-layer uppermost on to submerged brass
block. Immediately place brass block into vacuum coating unit (Edwards
E306A). Attach thermocouple to brass block, reduce pressure to 2 x 10-3.

6. After 60 minutes slowly admit dry N, into coating chamber.

1. Mix sample with glycerol to give a final concentration of 65 % (v/v) glycerol.

2. Sandwich sample between two freshly cleaved mica sheets as described above.

3. Separate mica pieces. Attach mica with glycerol-layer uppermost to rotating stage
(coating unit) with adhesive tape. Reduce pressure of coating unit to 2 x 10-3

Torr.

Figure 2.6 A protocol for the deposition of specimen on to mica using the mica-

andwich technique. (a) Freeze dried. (b) Glycerol dried
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1. Pre-clean tungsten wire
Cut 10 cm of 0.7 mm diameter tungsten wire. Clamp in filament holder of
Edwards coating unit. Pass current of 60 Amps (A) for 10 seconds through
tungsten wire.

2. Set up coating unit
Using tweezers (Dumont) tightly coil 8 cm of 0.1 mm diameter platinum (Agar
Aids) around centre of cleaned tungsten wire. Clamp in filament holder of coating
unit. Position rotary stage 10 cm from tungsten/ platinum wire, and adjust
shadowing angle to 5°. Attach prepared mica substrate to rotary stage, using
small piece of double-sided adhesive tape. Cover specimen with shutter (to avoid
heating it). Evacuate coating unit to 2 x 10-5 Torr.

3. Shadowing mica substrate
Rotate stage at maximum speed. Pass current of 60 A through tungsten/ platinum
wire. Observe the process through darkened film. Slowly increase current,
remove shutter when platinum melts. Increase current until platinum evaporates
(about 90 A). Turn power off. Bring system to air pressure.

4. Carbon coating
Using tweezers, clamp 3 cm carbon fibre (Bio Rad) between appropriate
electrodes in coating unit. Close automatic shutter. Position shadowed mica
substrate 9 cm from carbon source. Evacuate coating unit to 10-4 Torr. Outgas
carbon by increasing power to between 3 and 4.5 Volts (V) for 1 minute. Increase
power to about 13 V. Open shutter when brightness of heated carbon fibre fades.

5. Transfer of replica to copper grids
Fill glass dish with distilled water. Clean surface with veline tissue (General
Paper and Box). Slowly submerging mica at about 30° to clean water surface to
float off replica. Pick up replicas from below water surface with 400-mesh

copper grids (Agar Aids). Leave grids to dry

Figure 2.7 A protocol for rotary shadowing on a mica substrate
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2.9.1 Transfer of proteins

After SDS-PAGE (see section 2.2.2), the acrylamide gel was equilibrated in
transfer buffer (20 mM Na,HPQy,, 20 % methanol). Nitrocellulose (EC corporation,
St Petersburg; pore size 0.45 um) of the same size of the gel was touched to the
buffer and allowed to wet by capillary action. The transfer sheet was placed on to the
gel, and then carefully rubbed to remove air bubbles and excess liquid. The gel and
nitrocellulose were sandwiched between Whatman filter paper (3 mm) and fiber
pads. The whole ‘sandwich’ assembly was enclosed in a perforated support which
ensured the gel was firmly and evenly pressed against the nitrocellulose. Protein
transfer was carried out in a BioRad Trans-Blot tank for approximately 16 hours at a
constant current of 250 mA in prechilled transfer buffer. The proteins were
transferred electrically from a negative to a positive direction onto the nitrocellulose
(Towbin et al., 1979). The extent of transfer was determined by staining of the
nitrocellulose (after detection, see below) with amido black for 1 minute. The
nitrocellulose was destained with 90 ml methanol/ 20 ml acetic acid/ 90 ml distilled

water.

2.9.2 Detection of the protein

The nitrocellulose was immersed into TBST (50 mM Tris-HCI, pH 7.9/ 0.15
M NaCl/ 1% Tween 20) containing 5 % dried milk (Marvel) for 1 hour at room
temperature. Sufficient solution was used to cover the membrane and the container
was agitated gently (Lab Therm Shaker, Adolf Kuhner, Basel). The role of the 5 %
dried milk and 1 % Tween 20 was to block non-specific binding sites. The solution
was then poured off and the blot washed in TBST for 15 minutes followed by 2
more washes each of 5 minutes duration. The blot was then incubated in primary
antibody’ (diluted 500 fold with TBST) for 1 hour. The solution was poured off and

the blot washed for 15 minutes in TBST followed by 3 more washes each of 5

® The primary antibody was anti-anchorin CII for the anchorin CII preparation (see section 4.3).
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minutes. The horseradish peroxidase (HRP)-labelled second antibody’ was diluted
by 500 fold in TBST. The blot was incubated in the second antibody for 30 minutes
and then washed (1 x 15, 4 x 5 minutes) in fresh changes of TBST.

The HRP-second antibody was detected with the enhanced chemiluminescence
system (ECL, Amersham). The ECL method is based on the HRP catalysis of the
oxidation of luminol (cyclic diacylhydrazide) in the presence of H,O,. The oxidised
luminol (excited state) decays to a ground state via a light emitting pathway. The
following steps were carried out in a dark. The blot was incubated in the detection
reagent (ECL, Amersham) for 1 minute and then excess reagent was drained off. The
blot was then wrapped in cling film and exposed to X-ray film (XAR 5 X-OMAT)

for 3 minutes. The film was developed immediately.

" HRP-conjugated anti-rabbit IgG for the anchorin CII preparation.
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CHAPTER 3

PROCOLLAGEN-LIPID INTERACTION
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3.1 Introduction

3.1.1 Collagen fibre-lipid associations

There have been numerous observations of the association of collagen fibres with
lipids (Tall et al, 1978; le Lous et al, 1982; Barnes, 1985; Ozgiines and Artvinli, 1988).
Glycerides, cholesterols and phospholipids have been found in purified collagen
preparations of rat skin and tendon (le Lous ez al., 1982), and bovine skin (Rabinowitz
and Shapiro, 1972). In addition to these lipids, Ozgunes and Artvinli (1988) have also
observed the presence of plasmalogens and glycolipids, including gangliosides in rat
tail tendon preparations. Gangliosides are important components of specific receptor
sites on the cell surface, and therefore may be involved in cell binding to collagen
fibrils.

The process of collagen-lipoprotein lipid exchange has been examined in virro (le
Lous et al., 1982). Collagen was shown to become associated with phospholipids and
cholesterol when delipidated type I collagen fibrils were incubated with low density
lipoprotein (LDL) at neutral pH (le Lous ez al., 1982). The types of phospholipids
associated with the collagen were not determined. The interaction of LDL with the
extracellular matrix by means of collagen may be relevant for the development of

atherosclerotic lesions (Eskenasy et al., 1984).

3.1.2 Liposome drug carriers

The use of liposomes as drug carriers has been limited by poor stability in
biological media (Pajean et al., 1991). Phosphatidyl choline (PC) liposomes are
considerably more stable when mixed within a collagen gel (Weiner et al., 1985). The
stability of the liposomes was suggested to be partly due to specific interactions with
the collagen molecules. Liposome stability has also been analysed in a collagen solution
(Pajean et al., 1991). Solubilised collagen (telopeptides removed chemically) has been

shown to decrease the permeability of egg lecithin' liposomes at physiological pH,

' composed mainly of phosphatidyl choline
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whereas albumin and y-globulin have no effect (Pajean et al., 1991). Pajean eral (1991)
suggested the different effect of collagen on liposome permeability compared to

albumin and y-globulin was due to a collagen-PC interaction (see section 3.1.4).

3.1.3 Collagen-like proteins

Surfactant protein-A (SP-A) is the major component of pulmonary surfactant
(lipid-protein complex) which promotes alveolar stability by lowering the surface
tension at the air-fluid interface in the peripheral air-spaces (Kuroki and Akino, 1991).
SP-A is characterised by a collagen-like domain (see section 1.2.2.6). Purified
delipidated SP-A has been shown to bind to phospholipid vesicles (SM)? in a non-
saturable manner with the use of an ELISA assay (Ross et al., 1986), and density
gradient centrifugation (sucrose gradient) to separate the protein-lipid complex from
unbound constituents (King ez al., 1983). In contrast, the non-collagenous fragment of
SP-A (generated by collagenase digestion) binds to SM vesicles weakly. Therefore, the
N-terminal collagen-like fragment appears to be important in the interaction with
phospholipids. The non-collagenous fragment has also be shown to bind to type II
alveolar cells to a lesser extent compared to SP-A (Wright ez al., 1989), which suggests
the collagen-like region may be involved in an interaction with the cell surface.

At neutral pH, all forms of acetycholinesterase having a collagen-like tail bind to
sphingomyelin (SPM) liposomes with almost no binding to PC (Watkins et al., 1977,
Cohen and Barenholz, 1984). The observation that collagenase-treated enzyme does not
bind to SPM liposomes localises the site of interaction in the collagen-like tail. Cohen
and Barenholz (1984) suggested the interaction may involve hydrogen bonding
between the hydroxylysine and/ or hydroxyproline residues and the interface region of

the SPM molecule (see section 3.4.3).

2 SM liposomes consist of 65% DMPC, 20% egg PC, 7.5% egg Phosphatidyl glycerol, and 7.5%
egg PI. This composition is reflective of lung surfactant phospholipids.
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3.1.4 Collagen-lipid interaction

Monomeric type I collagen has been shown to bind to dipalmitoyl- and
dimyristoyl- phosphatidylcholine vesicles at acidic pH (Martinez del Pozo ez al., 1988).
The interaction results in a protein-lipid complex which could be isolated by
ultracentrifugation on a sucrose gradient. With the use of differential scanning
calorimetry, the collagen-lipid interaction was shown to cause a decrease in the enthalpy
of the phase transition (from a gel crystalline to a liquid crystalline phase) of the PC
vesicles, whereas the transition temperature was unaffected. Similar results were
obtained with pepsin and carboxypeptidase Y treated collagen which consists of only
the triple helical region. These results agree with a simple surface binding of the triple
helical region of collagen on the lipid vesicle.

At neutral pH, collagen fibrils were said to interact with PC and phosphatidyl
glycerol (PG) vesicles on the basis of differential scanning calorimetry and fluorescence
polarisation studies (Martinez del Pozo et al., 1989). The perturbation on the lipid
bilayer produced by collagen fibrils was shown to be lower than that produced by
monomeric collagen at acidic pH. However, the formation of a collagen-lipid complex

was not demonstrated (for further analysis of these results, see section 3.4.7).
3.1.5 Research strategy

The strategy of the project was to characterise the interaction of procollagens with
liposomes of defined lipid compostion. Ionic strength, temperature and procollagen

concentration were varied to determine the nature of the interaction, and various

structural domains of procollagen were analysed separately for their role in binding.
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3.2 Methods

3.2.1 Density gradient centrifugation binding assay

Discontinuous sucrose gradient centrifugation was developed for the isolation of
plasma membranes (Schimmel er al., 1973; Cates and Holland, 1978). Plasma
membranes were enriched at the 17/ 40 % (w/ v) interface of a 8.5/ 17/ 40 % sucrose
gradient. Such a sucrose gradient has also been used in a sedimentation-type binding
assay to examine the interaction of collagen with lipids (Martinez del Pozo et al., 1988)
and lipid associated collagen-binding proteins (Mollenhauer and von der Mark, 1983;
Mauch et al., 1988). In these assays, the binding mixture was layered on to the top of
the gradient. The liposomes migrated to the 8.5/ 17 % interface, whereas collagen either
remained at the top of the gradient (Martinez del Pozo et al., 1988) or migrated to the
17/ 40 % interface (Mollenhauer and von der Mark, 1983; for an analysis of these
results, see section 3.10). This sedimentation assay was initially used to investigate
procollagen-lipid interactions. However, a total separation of bound procollagen from
unbound could not be achieved.

A flotation-type binding assay has also been used to examine the interactions of
collagenous molecules with lipids (Watkins et al., 1977; Cohen and Barenholz, 1984).
In such an assay, the binding mixture is incorporated into a region of the sucrose
gradient where the density is much greater than that of the liposomes but less than that
of the protein. Therefore, liposomes float to the surface, whereas free protein migrate
further down the gradient.

In this study, the flotation-type binding assay was used to examine the interaction
of procollagen with liposomes of defined lipid composition. The sucrose gradient was
constructed so that unbound procollagen would be completely separated from bound
procollagen. The binding mixture was present in the 40 % component of a 0/ 30/ 40/ 60
% sucrose gradient (see Figure 3.1). A 30 % sucrose region (density is 1.123 g/ ml at

30 °C) was chosen to be placed above the incubation mixture because its density is.
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much greater than that of liposomes?, and yet it will still form a sharp interface with the
40 % region. The liposomes and protein-liposome complex* (density less than 30 %
sucrose) migrate to the 0/ 30 % interface. A 60 % sucrose region was placed beneath
the incubation mixture so that procollagen would sediment at the 40/ 60 % interface.

Tendon procollagen in 100 mM 0.4 M NaCl/ Tris-HCI, pH 7.4 was diluted with
an equal volume of distilled water to reduce both the Tris and NaCl concentrations (for
details of the procollagen preparation, see section 2.1). The procollagen was further
diluted with 8.1 mM Na,HPO,/ 1.9 mM NaH,PO,/ 0.15 M NaCl, pH 7.4 (assay
buffer), so that the final Tris concentration was below 0.1 mM. The phosphate buffer
was chosen for the study because it is recognised as being closely physiological. A 50
Wl aliquot of the diluted procollagen (typically 9 pug/ ml or 20 nM) was added to 100 pl
of the liposome solution in assay buffer (lipid concentration 0.45 mM) freshly prepared
by gel filtration (for details, see section 2.7.3). 300 pl of 60 % sucrose (in assay
buffer) was then mixed into the solution by gentle pipetting to give a final concentration
of 40 % sucrose. The mixture was then incubated in a water bath (Grant) at 37 °C for 1
hour before being incorporated into the stepwise sucrose gradient.

The stepwise sucrose gradients were formed in 5 ml centrifuge tubes (Beckman)
by upwards displacement with increasing sucrose concentrations, 0 % (1 ml), 30 % (2
ml), 40 % (450 pl) and 60 % (600 ul). Sharp interfaces were observed between the
sucrose solutions. The centrifuge tubes were placed into SW50.1 swinging buckets
(Beckman), and centrifuged at 41000 r.p.m. (200,000 g) for 4 hours at the selected
temperature, usually 35 °C. After centrifugation, liposomes were always present at the
0/ 30 % sucrose interface, as shown by the visible turbidity A bung was inserted in the
top of each tube, with tubing connected to a peristaltic pump. A hole was made in the
base of the tube and its contents pumped out at a convenient rate. Approximately 150 pl
fractions were collected in microcentrifuge tubes. As the sucrose concentration
decreased, the drop size increased slightly. For each fraction, 3H or 14C radioactivity

was detected by liquid scintillation using Cocktail T. The flotation assay was also used

*The density of egg PC liposomes has been reported to be 1.013 g/ ml (Johnson and Buttress,
1973), and that of bovine brain SPM liposomes to be 0.998 g/ ml (Cohen and Barenholz, 1984).

* The density of acetylcholinesterase-associated SPM liposomes (1.030 g/ ml; Cohen and
Barenholz, 1984) is less than that for 30 % sucrose.
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to examine the interaction of [125[]C-propeptide and [*H]collagen with SPM
liposomes. 1251 c.p.m were measured in a gamma counter

SDS-PAGE and fluorography were used to visualise the bound and unbound
procollagen. 50 pl of each fraction was counted to determine the position of the bound
and unbound procollagen. The remainder of the fraction were applied to discontinuous
gels. Following electrophoresis (for details, see Figure 2.2), gels were processed for
fluorography and exposed to pre-flashed Kodak XAR-5 film at -70 °C for a few days.
Rotary shadowing was also used to investigate procollagen-lipid interactions (see

section 3.3.7).

3.3 Results

3.3.1 Characterisation of type I procollagen

Procollagen was characterised by SDS-PAGE (section 2.22). The procollagen
was electrophoresed on a 6 % acrylamide gel under reducing conditions (Figure 3.2).
The majority of the protein migrated as two bands which were identified as prooal (I)
and proa2 (I) by comparison with known intermediates (Butkowski et al., 1982;
Prockop and Tuderman, 1982). A minor component identified as pCo1 (I) (Butkowski
et al., 1982; Prockop and Tuderman, 1982) migrated between proa1 (I) and proa2 (I)
(see Figure 3.2). This minor contaminant was present in all procollagen preparations
which by densitometry accounted for about 10 % of the collagenous proteins in tendon
procollagen.

The yield of procollagen was determined by measuring the levels of
hydroxyproline in the sample (see section 2.2.1). As there are 85 residues/ 1000 in type
I procollagen (Fielder-Nagy er al., 1981) it can be assumed that 7.6 % (by weight) of
type I procollagen is hydroxyproline, and therefore, it is possible to determine the
amount of procollagen in the sample, and the specific activity. A typical procollagen

yield from 30 dozen embryos was 1.5 mg. The specific activity was typically about
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Figure 3.2 Fl howin llagen 11 eparation
[®H]collagen (lane 2) was prepared by the pepsinisation of [*H]procollagen (lane 1).
Both procollagen bound to SPM (lane 3) and unbound procollagen (lane 4) remain

intact.
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9000 cpm/ g and was used to estimate all subsequent concentrations. Coomassie Blue
staining showed that the purified procollagen was essentially free of BSA and other

proteins (see Figure 3.3).

3.3.2 Characterisation of liposomes

Two techniques were used to determine the size of the liposome preparation,

electron microscopy and quasi-elastic light scattering.

3.3.2.1 Electron microscopy

Liposomes of SPM (0.45 mM) were prepared using the detergent removal
method (see section 2.6.2). Electron microscopy after rotary shadowing® was used to
determine the diameter of the SPM liposomes. The SPM liposome diameter was
determined to be 116 nm * 43 nm (standard deviation; n=70). This value was used to
determine the number of moles of liposomes (see section 3.6.11). The liposomes were

also charactersied by negative staining (see section 3.8.4).

3.3.2.2 Photon correlation spectroscopy

PCS measurements were determined with liposomes of SPM and other lipids
(0.45 mM) at 25 °C (for details of the method, see section 2.6.3.2). To determine the
accuracy of the method, measurements of latex beads of known size (91 mm) were also
made. The z-average mean of the liposome diameter for each lipid type is shown in
Table 3.1. The diameter of SPM liposomes was determined to be 175 nm + 3 nm (n=3)
which is considerably greater than that obtained from rotary shadowing. This may be
explained by the fact that the z-average mean is a weight average whereas the diameter

determined by rotary shadowing is a number average.

® For details of the specimen preparation (freeze dried/ mica sandwich technique) see section 2.7.3.
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Figure 3.3 SDS-PAGE of procollagen, collagen and C-propeptide preparations.

Lane 1 = unlabelled type I procollagen. Lane 2 = pepsinised collagen. Lane 3 = rat tail
tendon collagen. Lane 4 = type I C-propeptide (courtesy of Mr L.F. Purdom). The type
I procollagen is essentially free of BSA and other proteins. Gels were run in reducing
conditions with 6 % acrylamide (lanes 1 to 3) or 10 % acrylamide (lane 4) in the

separating gel, followed by Coomassie Blue staining.
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Table 3.1 Liposome diameters determined from photon correlation spectroscopy

measurements

Lipid type Z-average mean error (nm) Polydispersity error
(nm) (n=3) (n=3)
Phosphatidylcholine 156 4 0.39 0.04
Phosphatidylserine 132 2 0.17 0.02
Phosphatidylinositol 62 5 0.58 0.03
Sphingomyelin 175 3 0.28 0.01
91 nm Latex beads® 91 - 0.04 -

¢ Only a single measurement was made.
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3.3.3 Procollagen-lipid interaction

The flotation-type binding assay was used to examine the interaction of
[3H]procollagen with lipids. [3H]procollagen alone, in the absence of lipid, was found
to sediment to the 40/ 60 % interface of a 0/ 30/ 40/ 60 % sucrose gradient (see Figure
3.4), while only 9.1 % * 0.4 % (standard error of the mean’; n=6) of total cpm were
recovered from the top half of the gradient. L-3-phosphatidylcholine, 1-2-di[1-
14CJoleoyl incorporated into unlabelled-PC® liposomes was found to migrate to the 0/
30 % interface (see Figure 3.5). In determining the % of total procollagen bound, the
fractions collected were divided into two groups. Those from the bottom of the gradient
were said to represent unbound procollagen, whilst those from the top, bound
procollagen. The total c.p.m. in each group were calculated with the background
subtracted. The number of moles of procollagen in each assay was determined from the
total c.p.m. using the specific activity of procollagen. The concentration of procollagen
(nM) was calculated for the original incubation mixture (450 pl).

A disadvantage of the flotation-type binding assay is that the SPM-procollagen
complex is separated from the unbound procollagen during the centrifugation.

Therefore, the procollagen in the bound fraction is probably an underestimate.

3.3.4 Procollagen-SPM interaction

In physiological conditions of pH, ionic strength and temperature, there was
noevidence for procollagen binding to phosphatidylcholine, phosphatidyethanolamine,
phosphatidyinositol or phosphatidyserine, as illustrated for phosphatidylcholine in
Figure.3.6. In contrast, procollagen bound strongly to sphingomyelin liposomes (see
Figure 3.7). In standard assay conditions (typically 2.0 nM procollagen, 0.1 mM
phospholipid, 35 °C), 85.6 % + 0.8 % (n=6) of the procollagen recovered from the

gradient was found in the bound fractions. The overall recovery of procollagen

7 Errors are described as the standard error of the mean, unless otherwise stated.
® PC is used as an abbreviation for dimyristoylphosphatidylcholine.
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Figure 3.4 Density gradient centrifugation of type I procollagen

[3H]procollagen migrates to the 40/ 60 % interface of a stepwise sucrose gradient

consisting of 0 % (1 ml), 30 % (2 ml), 40 % (0.45 ml) and 60 % (0.6 ml) sucrose.
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Figure 3.5 Densit ient centrifugation of phosphatidylcholine liposomes

[14C]phosphatidylcholine liposomes migrate to the 0/ 30 % interface of a stepwise

sucrose gradient.
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throughout all fractions was determined to be 82.5 % * 1.8 % (n=6). SDS-PAGE and
fluorography showed the procollagen chains remained intact in both the bound and
unbound fractions (see Figure 3.2).

To study the reversibility of the protein-lipid interaction, the procollagen-SPM
complex was isolated from the sucrose gradient (bound fractions), incubated for 1 hour
in 40 % sucrose and then re-centrifuged (see Figure 3.8). Only 70 % of the procollagen
in the procollagen-SPM complex remained bound. This suggests that the procollagen is

in equilibrium with the procollagen-SPM complex.

3.3.4.1 Concentration dependence of the procollagen-SPM interaction

For a fixed concentration of SPM (0.1 mM), the amount of procollagen bound
increased with concentration, approaching saturation at approximately 5 nM (see Figure
3.9). The standard procollagen concentration is well below saturation.

A liposome diameter of 116 nM (see section 3.3.2.1) and a surface area for each
molecule of 0.58 nm? for SPM in the gel-crystalline phase (Barenholz and Thompson,
1980; see section 3.4.4.1) were used to calculate the number of molecules in each
liposome. This enabled the moles of liposomes to be determined. The liposomes were
assumed to be unilamellar (see section 3.4.4.6). Direct non-linear least squares fitting
to the binding data (courtesy of Dr G L Atkins) gave an apparent dissociation constant
of 2.55 +/- 0.14 nm, and the number of binding sites on each SPM liposome was
determined to be 7.36.

For a fixed procollagen concentration (3.5 nM), the amount of procollagen bound

was shown to increase as the SPM concentration was increased from 12.5 uM to 100

UM (see Figure 3.10).

3.3.4.2 Nature of the interaction

The nature of the procollagen-SPM interaction was studied by varying the buffer
conditions during pre-incubation and in the subsequent density gradient centrifugation.

The binding of procollagen to SPM was examined over a range of NaCl concentrations
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Figure 3.6 Type I procollagen does not interact with phosphatidylcholine liposomes
Density gradient centrifugation of [3H]procollagen with phosphatidylcholine liposomes

in 10 mM sodium phosphate pH 7.4 at 35 °C.

113



Unbound procollagen | Bound procollagen

- | il -
M |
= ¥ | 60% 40 % 30% 0 % sucrose
o R an :
x ] |
n 4 -
Feh) |
] |
E 3 |
-
@ 1 |
o
© 2 I
©° - I
O
O | - |
| et
& n/-"\-\ g
0 L} L I' L B l | I L} —I_ LI
0 £ 6 9 12 IS 18

Fraction no.

Figure 3.7 Type I procollagen does interact with sphingomyelin liposomes

Density gradient centrifugation of [3H]procollagen with sphingomyelin liposomes in 10
mM sodium phosphate pH 7.4 at 35 °C.
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Figure 3.8 Procollagen is in equilibrium with the procollagen-sphingomyelin

complex
Density gradient centrifugation of the procollagen-sphingomyelin complex in the

stepwise sucrose gradient at 35 °C.
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Figure 3.9 The procollagen-sphingomyelin interaction is concentration-dependent

and saturable Increasing concentrations of [3H]procollagen were incubated with 0.1
mM SPM and the amount of procollagen in lipid bound fractions determined by
discontinuous sucrose gradient centrifugation. The curve shows the non-linear least
squares fit to the data using a dissociation constant (Ky) Of 2.55 nM and a satuation

limit of 5.04 nM.
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Figure 3.10 Concentration dependence of the procollagen-sphingomyelin interaction

[3H]procollagen was incubated with the following concentrations of SPM (a) 100 pM
(b) 50 UM (c) 25 uM (d) 12.5 uM in 10 mM sodium phosphate buffer pH 7.4 at 35 °C,
and then centrifuged in discontinuous 0/ 30/ 40/ 60 % sucrose gradients.
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in order to determine whether the interaction was electrostatic in nature. The SPM
liposomes were prepared in the absence of salt, and procollagen was diluted with
phosphate buffer containing no salt. When present, salt was added to the incubation
mixture with the 60 % sucrose to give the desired sucrose concentration in the 40 %
sucrose part of the gradient, and the salt concentration throughout the rest of the
gradient was adjusted accordingly. Most of the procollagen remained bound to SPM up
to a salt concentration of 1.2 M (see Figure 3.11). This suggests the interaction is not
electrostatic in nature. In fact, the amount of procollagen bound was found to increase,
although very slightly, from 0-1.2 M (for a discussion, see section 3.4.2).

The procollagen-SPM interaction was also examined over a range of temperatures
(4 °C-39 °C). If hydrophobic interactions are involved, then the amount of procollagen
bound would decrease with decreasing temperature. The amount of procollagen bound
at 4 °C was similar to that observed at the higher temperatures (see Figure 3.12). This
suggests there is no obvious hydrophobic interaction involved. In fact, 93.5 % + 0.9 %
(n=10) was found to be bound at 4 °C which is slightly larger than the 85.6 % + 0.8 %
(n=6) observed at 35 °C (for a discussion, see section 3.4.2).

At 39 °C, only 17.5 % * 3.5 % (n=2) of [2H]procollagen was found to bind to
SPM liposomes (see Figure 3.12). Procollagen would begin to melt at this temperature.
However, this is not the cause of the poor binding since denatured procollagen was

shown to interact with SPM (see Figure 3.12; also, see section 3.3.4.4).

3.3.4.3 Lipid-phase dependent interaction

The phase transition temperature of bovine brain SPM is about 41 °C (Untracht
and Shipley, 1977). At 39 °C, one would expect the phase transition to have begun (for
details of the phase transition, see section 3.4.4). The interaction of procollagen with
SPM in only the gel-crystalline phase would explain the observation at 39 °C.

Since SPM has a relatively high transition temperature, SPM/ PC mixtures were
prepared which enabled the phase dependence of the interaction to be studied at a much

lower temperature. Increasing the mol % PC of a SPM/ PC mixture results in a
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[3H]procollagen (2 nM) was incubated with SPM liposomes (0.1 mM) at 35 °C in
phosphate buffer in a range of NaCl concentrations, and the incubation mixtures were
centrifuged in discontinuous sucrose gradients with the NaCl concentrations adjusted
accordingly. Binding is expressed as the percentage of total recovered 3H cpm in the

top half of the gradient. Error bars represent the standard error of the mean (n=3).
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Figure 3.12 Effect of temperature on procollagen binding to SPM liposomes

Binding was assayed by discontinuous sucrose gradient centrifugation in standard
assay conditions, and is expressed as the percentage of total 3H in the top half of the
gradient. The binding of denatured [H]procollagen at 35 °C is indicated by den(35).

Error bars represent the standard error of the mean.
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decrease in its phase transition temperature (Lentz ez al., 1981). The total concentration
of lipid in each assay was 0.1 mM. The presence of small amounts of PC greatly
reduced the amount of procollagen bound (see Figure 3.13). For example, only 14 %
binding was observed when the lipid mixture contained 14 mol % PC at 35 °C. No
interaction was observed up to a concentration of 25 nM procollagen with 14 mol %
PC. The binding was restored when the temperature (4 °C) was reduced below the
phase transition of the mixture. Therefore, procollagen appears to only interact with the
gel-crystalline phase of SPM (for a discussion, see section 3.4.4.2). However, even at
4 °C, significant binding was only observed with mixtures containing less than 30 mol
% PC (see Figure 3.14). The % procollagen bound was shown to decrease rapidly

between 30 and 40 mol % PC (for a discussion, see section 3.4.4.5).

3.3.4.4 Other features of the interaction

Binding was unaffected by denaturation of the procollagen (by heating to 60 °C
for 5 minutes) prior to incubation with SPM and density gradient centrifugation at 35 °C
in standard buffer conditions (see Figure 3.12), when 70.5.% * 0.9 % (n=3) of the
denatured procollagen was found to bind to SPM (for further information, see section
3:3.5.1).,

SPM binding was also observed with 3H-labelled type II procollagen (a generous
gift from D.J.S. Hulmes). 85.1 % + 2.3 % (n=4) of [3H]type II procollagen (3 nM)
was shown to interact with SPM (0.45 mM) at 35 °C in standard buffer conditions.

The interaction was abolished in the presence of both Tris (50 mM Tris-HCI pH
7.4, 0.15 M NaCl) and Hepes (20 mM Hepes pH 7.4, 0.15 M NaCl) at 35 °C.
However, procollagen did interact at a much lower concentration of Tris (0.5 mM)

present in the incubation mixture, and also in 0.2 M ammonium acetate.

3.3.5 Regions of procollagen involved in the interaction with SPM

In order to determine which region(s) of the procollagen molecule were important

for interactions with SPM, binding of [>H]type I procollagen was investigated in the
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Figure 3.13 Binding of procollagen to liposomes made from mixtures of SPM and

PC at 35 °C The percentage of 3H cpm in the bound fractions was measured in standard
assay buffer as a function of PC content using 2 nM [3H]procollagen and 0.1 mM total

lipid concentration in the incubation mixture. Errors are the standard error of the mean

(n=2 or 3)
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Figure 3.14 Binding of procollagen to liposomes made from mixtures of SPM and

PC at 4 °C The percentage of 3H cpm in the bound fractions was measured in standard
assay buffer as a function of PC content using 2 nM [3H]procollagen and 0.1 mM total

lipid concentration in the incubation mixture. Errors are the standard error of the mean

(n=2 or 3).
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presence of unlabelled procollagen or procollagen domains (inhibitors). In each
competitive inhibition binding assay, 50 pl of inhibitor was incubated with the standard
[3H]procollagen and SPM concentration in 40 % sucrose at 35 °C for 1 hour. The
flotation-type binding assay was used to determine the % [>H]procollagen bound.

As expected, unlabelled procollagen successfully competed for binding of
[3H]procollagen to SPM (see Figure 3.15). Only 27 % of the maximum
[3Hlprocollagen bound was observed at a 29 fold molar excess of unlabelled
procollagen.

In contrast, no inhibition was observed in the presence of highly purified
lathyritic rat type I collagen (a generous gift of Mr. J.R.E. MacBeth) in physiological
conditions. At a 29 fold molar excess of unlabelled collagen, all the [3H]procollagen
remained bound to SPM. A temperature of 4 °C was used for this competitive inhibition
binding assay to minimise collagen aggregation. The interaction was also unaffected in
the presence of pepsin treated collagen (i.e. with shortened non-triple helical
telopeptides) up to a molar excess of 30 fold. Only a slight inhibition (71 % bound)
was observed in the presence of bovine serum albumin at a molar excess of up to 100
fold.

When unlabelled purified procollagen C-propeptides (a generous gift from I.
Purdom; see Figure 3.3) were present in the competitive inhibition binding assay,
inhibition was observed that appeared to be equivalent up to a 15 fold molar excess to
the effect of added unlabelled procollagen. This suggests the possibility that type I
procollagen binds to SPM via its C-propeptide, which was confirmed with the use of
[125T)C-propeptide (see section 3.3.5.1).

The presence of C-propeptide at a molar excess greater than 15 fold was shown to
have little further effect on the inhibition of procollagen binding. At a 54 fold molar
excess, 40 % of [3H]procollagen remained bound to SPM. This suggests an additional
weaker binding site exists on the procollagen molecule, remote from the C-propeptide.
Although unlabelled collagen does not inhibit binding (up to a 40 fold molar excess),

studies with [3H]collagen do suggest a possible interaction (see section 3.3.5.2).
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on the binding of [3Hlprocollagen to SPM Binding was measured in standard assay

conditions at 35 °C in the presence of added procollagen (), collagen (4), pepsinised
collagen (o) or procollagen C-propeptides (¢), and is expressed as the percentage of
maximum binding in the absence of competitive inhibitors, with the molar ratio of

inhibitor to [*H]procollagen on the horizontal axis.
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3.3.5.1 C-propeptides.

Procollagen C-propeptides were 125]-iodinated (courtesy of Dr. D.K. Apps using
the Iodogen method) to investigate its possible binding to SPM. The specific activity of
the [125]C-propeptide was 564,700 c.p.m/ pg. When incubated with SPM liposomes
(0.1 mM) in standard buffer conditions, [125I]C-propeptide was shown to bind in a
saturable manner (see Figure 3.16)°. The apparent dissociation constant was determined
(by Dr G L Atkins) to be 2.32 +/- 0.53 nM. Therefore, both the procollagen and C-
propeptide molecules bind with similar affinity to SPM (for a discussion, see section
3.4.5.1). The number of binding sites for the C-propeptides was determined to be
about 37 which is 5 fold greater than with procollagen (see section 3.3.4.1).

Binding was unaffected by denaturation of the procollagen (see Figure 3.12). One
would usually conclude from such an observation that the interaction is not dependent
upon the conformation of the molecule. However, interchain disulphide bridges exist
within the C-propeptide, and therefore, the C-propeptide may remain intact whilst the
rest of the procollagen is denatured. In a preliminary study, the C-propeptide was both
denatured (by heating to 60 °C for 5 minutes) and reduced with (15 %) B-
mercaptoethanol to determine whether its conformation was important for the
interaction of procollagen with SPM. 14.1 % * 0.7 % (n=2) of denatured/ reduced
procollagen was found to be bound compared to 70.5 % * 0.9 % (n=3) when
unreduced, while 50 % of native/ reduced procollagen was found to interact with SPM.
These observations suggest that the conformation of the C-propeptide is important for

the interaction (see discussion).

3.3.5.2 Collagen domain

The lack of inhibition of [*H]procollagen binding to SPM by unlabelled collagen

suggested that the binding mechanism was independent of the mature collagen domain.

® Due to the short half-life of the [125]]label, the binding studies were carried out soon after
iodination of the C-propeptide.
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Figure 3.16 Concentration dependence of the binding of [!25I]procollagen C-

propeptides to SPM liposomes Increasing concentrations of [1251]C-propeptides were
incubated with 0.1 mM SPM and the extent of binding was determined by
discontinuous sucrose gradient centrifugation. The curve shows the non-linear least

squares fit to the data using a dissociation constant (K4) of 2.32 nM and a saturation

limit of 25.5 nM.
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To investigate this, [*H]collagen was prepared by the pepsinisation of [3H]procollagen
(see section 2.5). The binding of [*H]collagen to SPM was studied in standard assay
buffer at 4 °C (to minimise collagen aggregation).

At a [3H]collagen concentration of about 2 nM (standard concentration)*® 29.1 %
+ 0.7 % (n=4) was found to interact with SPM at 4 °C. Thus, there was limited binding
of the collagen domain to SPM, approximately 3-fold less than that for intact
procollagen in equivalent conditions.

The weak interaction of [3H]collagen with SPM may account for the lack of
inhibition of [3H]procollagen by unlabelled collagen. The presence of different binding
sites for the collagen domain and the C-propeptide may also explain this lack of
inhibition assuming procollagen binds mainly via the C-propeptide (for a discussion,

see section 3.4.5.2).

3.3.6 The interaction of procollagen with PC

In physiological conditions of pH, ionic strength and temperature, there was no

evidence of procollagen binding to PC (see Figure 3.5).

3.3.6.1 Interaction in 0.1 M acetic acid

Martinez del Pozo et al (1988) demonstrated the interaction of collagen with both
DMPC and DPPC in 0.1 M acetic acid using a sedimentation-type binding assay (see
section 3.10). The interaction of [2H]procollagen with PC and SPM was also studied in
0.1 M acetic acid. No interaction was observed when procollagen was incubated with
PC (0.1 mM) at 4 °C. Only 10.7 % % 0.9 % (n=2) of the procollagen recovered from
the gradient was found in the bound fractions. In contrast, 90 % of the procollagen was

bound to SPM in 0.1 M acetic acid.

'° The specific activity of pepsinised collagen was determined from that for procollagen using a
correction factor that had taken into account the % of proline and hydroxyproline residues in the N- and
C-propeptides (12.5 %).
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3.3.6.2 Interaction at neutral pH

Procollagen was shown to interact with PC (standard concentrations) in 10 mM
phosphate buffer, pH 7.4, only in the absence of salt, where 54 % * 8 % (n=4) of
procollagen was observed in the bound fractions. Since no binding was observed in the
presence of salt, this suggests an electrostatic nature to the interaction (for further

discussion, see section 3.4.7).

3.3.7 Rotary shadowing

Electron microscopy after rotary shadowing was used to visualise procollagen

molecules in the presence of SPM and PC.

3.3.7.1 Appearance of procollagen

The appearance of procollagen monomers deposited on to the mica using the
mica-sandwich technique, and prepared by glycerol drying is shown in Figure 3.17.
The procollagen molecules were similar to those prepared by freeze drying from 0.2 M
ammonium acetate. The collagen triple helix appeared as a central thread-like domain
approximately 290 nm in length". The C-propeptide appeared as a globular structure
about 10 nm in diameter. A kink was sometimes observed at the junction of the N-
propeptide (about 15 nm in length) and the triple helix (see Figure 3.17).

Approximately 69 % (n=177) of the procollagen at a concentration of 25 nM
remained in the monomeric form. Of the large % of aggregates, some had no clearly
defined structure. However, aggregates with common characteristic features were
observed. In-register dimers, both separate and part of larger aggregates were
frequently observed (see Figure 3.18). Dimers of procollagen molecules bound via
their ends (i.e. end to end dimers) and larger aggregates also consisting of molecules

bound via their ends (similar to those described by Mould and Hulmes, 1987) were

"' The dimensions of the molecules are increased by the shadowing metal.
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Figure 3.17 The collagen triple

helix appears as a central thread-like domain approximately 290 nm in length. The C-

propeptide is visualised as a globular structure about 10 nm in diameter. The junction
between the N-propeptide and the collagen triple helix is sometimes defined by a sharp
kink (arrow). Magnification 112,500 x.
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Figure 3.18 Procollagen aggregates (A) In register dimers (small arrow) and dimers

of procollagen molecules bound via their ends (large arrow) are observed.

Magnification 87,500 x. (B) Spider-like aggregates of procollagen are also visualised.
Magnification 112,500 x.




also observed (see Figure 3.18).

3.3.7.2 Sphingomyelin

Rotary shadowed SPM liposomes prepared by freeze drying are shown in Figure
3.19. A ‘stacking’ effect is observed within most liposomes. This is possibly caused
by the collapsing of the liposomes during drying of the specimen. Large aggregates of
SPM were also observed, particularly when specimens were deposited with the mica-

sandwich technique.

3.3.7.3 Procollagen-lipid interaction

Both freeze drying (mica sandwich technique) and spraying on to pre-cooled mica were
used to prepare specimens to investigate procollagen-lipid interactions. Rotary
shadowing in the presence of glycerol'? was found to be inappropriate since binding
studies showed it interfered with the procollagen-SPM interaction.

Procollagen was incubated with SPM (standard concentrations) in 0.2 M
ammonium acetate at 35 °C for 1 hour. The interaction was not affected by ammonium
acetate (see section 3.3.4.4). The procollagen-SPM complex was visualised using
rotary shadowing (see Figure 3.20). In most cases, procollagen was observed to
interact with SPM via its ends (for comparison with binding studies, see section
3.3.4.1). However, procollagen molecules interacting with the triple helical domain
would be difficult to observe using this technique. In most cases, no more than 2
molecules were observed interacting with the SPM molecules. However, in a few
exceptions, 3 to 4 molecules were found to bind to SPM (see Figure 3.20). At the
concentration of procollagen and SPM used in this study, one would have expected
most of the procollagen to have been bound to SPM (see section 3.6.1.1). However, a
large number of unbound procollagen molecules and free liposomes were observed.

Quantitation was made difficult because of the disruptiveness of the technique.

12 Glycerol drying was used in the preparation of specimens to investigate the interaction of dextran
sulphate with procollagen (see section 4.2.1.2).
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Figure 3.19
A stacking effect is visualised within most SPM liposomes. Magnification 87,500 x.
(B) Large aggregates of SPM are also observed. Magnification 112,500 x.




Figure 3.20 Procollagen -SPM complex prepared by freeze-drying Procollagen was

incubated with SPM in 0.2 M ammonium acetate at 35 °C for 1 hour and deposited on

‘to mica with the mica-sandwich technique. Procollagen molecules are indicated by

arrows. Magnification 87,500 x
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Procollagen was incubated with PC (standard concentrations) in 0.2 M
ammonium acetate, 0.15 M NaCl for 1 hour at 35 °C. Density gradient binding studies
suggest procollagen did not interact with DMPC in 0.15 M NaCl. The specimen was
deposited on to the mica using the mica sandwich technique. The salt was removed by
washing the mica-adsorbed specimen before freeze drying. No obvious signs of an

interaction between procollagen and DMPC was observed.

3.3.8 Surface induced aggregation

Procollagen that had been incubated with SPM liposomes (standard
concentrations) was cross-linked with glutaraldehyde (for the method, see section 2.5)
and loaded on to a gel filtration column (Sephacryl S500; see section 2.6) to determine
whether the liposomes induced aggregation. 5 % Brij was added to the cross-linked
procollagen-SPM mixture the disperse the liposomes.

In the presence of liposomes, most of the recovered [3H]procollagen was detected
in a single peak centred about fractions 40-42 (Ve=33 ml; see Figure 3.21). In the
absence of SPM liposomes, most of procollagen (standard concentration) was detected
in a similar position to the above (Ve=34 ml; see Figure 3.22). This peak was assumed
to represent monomeric procollagen since the solubility limit of procollagen (1-1.5 mg/
ml; Mould ez al., 1990) is far greater than the concentration used in this study. The
results suggest SPM liposomes do not induce procollagen to aggregate (see section

3.4.10).

3.4 Discussion

3.4.1 Procollagen-SPM interaction

At physiological conditions of pH, ionic strength and temperature, there was no
evidence of procollagen binding to PC, phosphatidylethanolamine, phosphatidylserine

or phosphatidylinositol. In contrast, type I procollagen bound strongly to SPM in a
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Figure 3.21 SPM liposomes do not induce procollagen to aggregate

Gel filtration chromatography of [3H]procollagen that had been incubated with SPM
liposomes at 35 °C, and then fixed with 1 % glutaraldehyde.
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Figure 3.22 Gel filtration chromatography of procollagen on Sephacryl S500
Procollagen was fixed with 1 % glutaraldehyde before being loaded onto the column.

The running buffer was 10 mM sodium phosphate buffer, pH 7.4/ 0.15 M NaCl/ 0.5
% Brij 35
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saturable manner. The procollagen was in equilibrium with the SPM-procollagen
complex. Binding analysis gave an apparent dissociation constant of 2.6 nM. This
procollagen concentration is probably much lower than one would expect in the
pericellular space or in secretory vesicles™ Therefore, a significant interaction between
procollagen and SPM is possible in vivo.

All forms of acetylcholineserase having a collagen-like tail also bind to SPM
liposomes with almost no binding to PC (Watkins et al., 1977; Cohen and Barenholz,
1984). Non-collagenous proteins such as 5’-nucleotidase and the hemolytic toxin of sea

anemone also bind specifically to SPM (for details, see section 3.4.6).

3.4.2 Nature of the interaction

A high ionic strength (1.0 M NaCl) only slightly diminished the interaction of
acetylcholinesterase with SPM (Watkins er al., 1977). Similarly, most of the
procollagen remained bound to SPM up to a salt concentration of 1.2 M, which
suggests the interaction is not electrostatic in nature. In fact, the % total procollagen
bound increases, although slightly, as the salt concentration is increased. This suggests
the possible involvement of a hydrophobic interaction (see below).

The change in enthalpy (AH) for a hydrophobic interaction is positive, and
therefore, one would expect the % of total procollagen bound to decrease as the
temperature is lowered. However, the amount of procollagen bound at 4 °C was similar
to that at 35 °C, which suggests there is no obviuos hydrophobic interaction involved.

Hydrophobic interactions have been suggested to be responsible for the interaction
of the collagen-like protein SP-A with 85 % DPPC/ 15 % DPPG (King et al., 1983). It
also been suggested to be the principal mode of interaction between insulin and DMPC
on the sole basis that the amount of insulin bound was unaffected by increasing the
ionic strength up to 1.58 M NaCl (Wiessner and Hwang, 1982). However, this
suggestion appears to be incorrect, since the same workers show that the amount of

bound insulin increases as the temperature is decreased (from 20 to 10 °C) within the

" Immunocytochemical studies suggest a very high concentration of procollagen in both secretory
vesicles (Trelstad and Hayashi, 1979) and in the pericellular space (Phelps er al., 1985).
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gel crystalline state.

3.4.3 Involvement of hydrogen bonds

Cohen and Barenholz (1984) suggested that the interaction between
acetylcholinesterase and SPM involves hydrogen bonds between the collagen domain
and the interface region of SPM. The interface region in SPM contains an hydroxyl
group and an amide bond which are good candidates for hydrogen bonding (see Figure
3.23). Hydrogen bonding involving these groups can be partially stabilised by the
relatively low dielectric constant of the SPM interface region (Barenholz and
Thompson, 1980). The hydrogen bond donor capability is not found in the interface
region of PC (see Figure 3.23).

The major region of procollagen that interacts with SPM is the C-propeptide (for
detailed discussion, see section 3.4.5.1). The C-propeptide contains a relatively high
content of acidic amino acid residues (potential hydrogen bond acceptors). Since
procollagen binds specifically to SPM, and the interaction does not appear to be
electrostatic or hydrophobic in nature, it is likely that it involves hydrogen bonding.
The hydrogen bonds may form between the hydrogen bond donors in the interface

region and the procollagen C-propeptide (for further details, see section 3.4.4.3).

3.4.4 Properties of SPM

3.4.4.1 Lipid crystalline phases

Phospholipids can exist in two very distinct physical states. Below the phase
transition temperature, the lipids exist in the gel crystalline state. The acyl chains of the
lipids are fully extended with the C-C bonds in the all trans postion. In the gel state of
PC and SPM, the acyl chains are tilted to the normal plane of the bilayer** (Barenholz
and Thompson, 1980; New, 1990).The molecules do not undergo lateral diffusion but

pack together in a quasi-hexagonal array. The presence in SPM of the amide linkage

'* SPM is tilted to a far greater degree than PC, see Figure 3.24
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and hydroxyl group in the interfacial region can give rise to hydrogen bond interactions
with the phosphate group. This may explain the highly ordered gel phase in SPM
compared to PC (see section 3.4.4.5).

Above the phase transition temperature, the molecules are able to undergo fast
lateral and rotational diffusion and also, the headgroup region is also relatively mobile.
Rotational isomers about the C-C bond form leading to kink formation. The lipid phase

transition is a highly cooperative event occurring over a few degrees centrigade.

3.4.4.2 Gel-crystalline phase dependent interaction

Insulin only bound to DMPC below the phase transition of the lipid (Wiessner and
Hwang, 1982). These workers suggested that the packing structure of the phospholipid
molecules on the surface of the liposomes may play an important role in the binding of
insulin. The binding of SP-A to 85 %DPPC/ 15 % DPPG was also considerably
reduced when the temperature of the interaction was above the phase transition
temperature (King et al., 1983).

The lack of procollagen binding with SPM at 39 °C suggested the interaction
preferred SPM in the gel crystalline state*. SPM has a relatively high phase transition
temperature (about 41 °C)'. Therefore, SPM/ PC mixtures were prepared which
enabled the phase dependence of the interaction to be studied at a much lower
temperature. This is because an increase in the mol % PC of a SPM/ PC mixture results
in a decrease in its phase transition temperature (Lentz ez al., 1981). At 35 °C, there was
little procollagen bound when the lipid mixture contained 14 mol % PC. However,
binding was restored when the temperature was reduced to 4 °C. Therefore,

procollagen only binds to SPM in the gel-crystalline phase.

3.4.4.3 Involvement of hydrogen bonds

The interaction has been proposed to involve hydrogen bonds (see section 3.4.3).

'* Denatured procollagen interacts with SPM (see section 3.3.5.1).
'® Natural PC’s have a high content of unsaturated fatty acyl chains and have phase transitions well
below 37 °C.
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The geometric arrangement of the hydrogen bond donor and acceptor is very important,
where, optimal hydrogen bonds have a linear geometry. The orientation of the SPM
molecules in the closely packed structure of the gel crystalline state may favour the
formation of hydrogen bonds with procollagen. Because the molecule is tilted in the
bilayer (see Figure 3.24), the sphingosine group will be approximately perpendicular to
the plane of the membrane. In the liquid crystalline state, the acyl chains are
perpendicular to the bilayer and therefore, the sphingosine group will be in a different
orientation. The different orientation of the SPM molecule, and the fast axial rotation
and lateral diffusion of the lipid may partly explain the disruption of the interaction in
the liquid crystalline phase.

Cohen and Barenholz (1984) showed that acetylcholinesterase binds to SPM at 37
°C and 4 °C to the same extent. The workers concluded from this observation that the
interaction was unaffected by the physical state of the lipid. However, 37 °C may be
below the phase transition range of SPM"". The temperature (higher limit) of their study
was limited by the thermal inactivation of acetylcholinesterase. The interaction between

the enzyme and SPM may well be phase dependent.

3.4.4.4 SPM domains

At 4 °C, the interaction of procollagen with the SPM/ PC mixture containing
concentrations of DMPC greater than 40 mol % was substantially reduced. The
interaction of acetylcholinesterase with 33 mol % PC (at 4 °C) was also considerably
reduced (Cohen and Barenholz, 1984). At 4 °C, SPM molecules will form a tightly
packed crystalline structure. The above result may be explained by a disruption of this
closely packed structure by the presence of PC (see below). This would suggest the
packing structure is as important as the orientation of the molecule for an interaction to
occur.

SPM has a more highly ordered gel phase compared to PC (see section 3.4.4.1).

In over 50 % of naturally occurring SPM" molecules the two hydrocarbon chains

7 Procollagen binds to SPM at 37 °C.
*® The acyl chain composition of the bovine brain SPM (Avanti) was not available.
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Cerebroside

Dimyristoyl
Phosphatidylcholine

Figure 3.24 The orientation of lipids in the bilayer

Cerebrosides (including SPM) and to a lesser extent dimyristoylphosphatidylcholine are
tilted in the bilayer. The glycerol and sphingosine backbone are represented by filled
circles. The dashed line is perpendicular to the bilayer (adapted from Gennis, 1989).
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comprising the hydrophobic region differ in length by more than 7 methylene residues
(for details, see Barenholz and Thompson, 1980). Therefore, one would expect the
presence of DMPC to disrupt the packing of such molecules.

The different interaction between SPM molecules to those between SPM and PC
(Barenholz and Thompson, 1980) also results in an asymmetric distribution of the
lipids in the mixture. For a 1:1 molar ratio of SPM and DPPC, the SPM is more
concentrated in the outer leaflet and the PC in the inner leaflet (Barenholz and
Thompson, 1984). Therefore, the actual concentration of PC in the outer leaflet of the
SPM/ PC mixture required to abolish the interaction may be less than 40 mol %.

A large % of SPM molecules appears to be required for the interaction to
procollagen. However, the % of SPM in plasma membranes varies between only 10-20
% depending on the species and cell type'’. Watkins et al (1977) suggested the relatively
strong interactions between SPM molecules may lead to the formation of domains in
biological membranes. This provides a means by which acetylcholinesterase may
specifically interact with the plasma membrane of Electrophorus electricus, where only
5 % of the total lipid is SPM. SPM mixtures isolated from mammalian tissues are
unique amongst the cell’s phospholipid components in undergoing a phase separation
over a temperature range that includes 37 °C (Lentz et al., 1981). Therefore, cell

membranes may well contain domains of SPM in the gel phase (Rintoul et al., 1979).

3.4.4.5 Other features of the interaction

At 30 °C, N-palmitoylsphingosine phosphorylcholine (C;¢SPH) undergoes a
transition between the gel phases analogous to the pretransition observed with PC
(Lentz et al., 1981). Such a pretransition in bovine brain SPM liposomes may explain
the larger amount of procollagen bound at 35 °C compared to 4 °C.

From analysis of the binding, about 7 molecules of procollagen are bound per
SPM liposome. In the calculation of this value, the liposomes were assumed to be
unilamellar. However, electron microscopy after negative staining shows the presence

of some large multilamellar vesicles, containing at least 4 bilayers (see Figure 3.25).

* Though about 35 % of total lipid in matrix vesicles is represented by SPM (see section 3.4.9.3).
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Figure 3.25 Negatively stained SPM liposomes. Magnification 150,000 x.
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Therefore, more than 7 procollagen molecules may be bound per SPM liposome.

3.4.5 Region of procollagen involved with the interaction

3.4.5.1 C-propeptide

From the competitive inhibition study (section 3.3.5.1.) it appears that the C-
propeptide® interacts with SPM. Up to a 15 fold molar excess, the inhibition observed
with unlabelled C-propeptide was equivalent to the effect of added unlabelled
procollagen. However, there was little further inhibition by the unlabelled C-propeptide
at a molar excess greater than 15 fold. In contrast, unlabelled procollagen continued to
inhibit [*H]procollagen binding to SPM. This suggets that another binding site exists
on the SPM molecule (see section 3.3.5.2).

[125T]C-propeptide bound to SPM in a saturable manner. From Scatchard analysis
the number of C-propeptide molecules bound per SPM liposome was determined to be
37. This is 5 fold grester than the number of procollagen molecules bound to SPM.
Fewer procollagen molecules may be bound due to steric hinderance effects caused by
its collagen domain.

From analysis of the binding, the dissociation constant was determined to be 2.3
nM, which is similar to that for procollagen. Studies where procollagen was both
denatured and reduced suggest the conformation of the C-propeptide is important for
the interaction (see section 3.3.5.1). A structure for the C-propeptide has not yet been
determined. Another possible explanation may be that the the combination of another
region on the procollagen molecule with the C-propeptide may be required for the
interaction.

No interaction was observed with collagenase-treated acetylcholinesterase and
SPM (Cohen and Barenholz, 1984). They concluded from this observation that the
collagen domain was involved in the interaction, however, only a weak interaction
between [14C]collagen and SPM was found. These results can also suggest that the
globular region at the end of the collagen domain may be important for the interaction

% Fora description of the primary sequence of the C-propeptide see section 1.4.2.2
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with SPM (for details of the primary structure of acetylcholinesterase, see Krejci er al.,
1991). Cysteine residues exist within this globular region, and therefore it may function
in a similar manner to the disulphide bonded C-propeptide as the nucleation site of triple
helix formation (see section 1.5.3). A globular domain also exists at the end of the
collagenous domain of SP-A. No sequence similarities between the globular domain of
acetylcholinesterase, SP-A and the C-propeptide have been found (preliminary study by
D.]J.S. Hulmes).

Type II procollagen also bound to SPM. The region of the molecule involved in the
interaction was not determined. There are features of structural conservation within the
fibrillar collagen genes coding for the C-propeptide (see section 1.3.1). The type II
procollagen C-propeptide may well be involved in the interaction with SPM (for the

implications, see section 3.4.9.3).

3.4.5.2 Collagen domain

Only 30 % of [3H]collagen was bound to SPM at 4 °C. In similar conditions,
Cohen and Barenholz (1984) also found only a slight interaction between [14C]collagen
and SPM. The lack of inhibition of [2H]procollagen by unlabelled collagen can be
partly explained by this weak interaction. Since procollagen binds mainly with the C-
propeptide, the presence of a different binding site for the collagen domain would also
explain this lack of inhibition.

To determine whether a separate site exists for the collagen domain, the binding of
[*H]collagen to SPM should be investigated in the presence of unlabelled C-propeptide.
A lack of an inhibition by the unlabelled C-propeptide would confirm the presence of a
separate binding site.

The binding may involve an electrostatic interaction between the dipoles
surrounding the collagen domain and the phosphorylcholine headgroup of SPM. Such
a mechanism has been proposed for the interaction of collagen with PC (for more

discussion, see section 3.4.7).
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3.4.6 Protein-SPM interactions

Proteins other than acetylcholinesterase and procollagen have been shown to bind
specifically to SPM. The 5’-nucleotidase from rat liver plasma membrane preferentially
binds to SPM (Widnell and Unkeles, 1968). Rabbit kidney [Na*-K*]ATPase and the
hemolytic toxin of sea anemone bind strongly to SPM but not to dispersions of PC or
other lipids (Sood et al., 1972; Linder et al., 1977). Sequence similarities between

these proteins have not been identified.

3.4.7 Interaction of collagenous proteins with PC

Procollagen was not found to bind to PC in physiological conditions of pH, ionic
strength and temperature. Other studies have also failed to show an interaction between
collagenous proteins and PC (see Table 3.2). Watkins et al/ (1977) and Cohen and
Barenholz (1984) observed no interaction between acetylcholinesterase and egg PC at 0
°C and 4 °C, respectively. There was also no association between [!4C]labelled-collagen
and egg PC at neutral pH and 4 °C (Cohen and Barenholz, 1984).

However, there have been a few observations of interaction between collagenous
proteins and PC at neutral pH (see Table 3.2). The collagen domain of SP-A (see
section 3.1.3) has been shown to be important for the interaction with lipid mixtures
consisting predominantly of DPPC at 37 °C (King et al., 1983; Ross et al., 1986).
Martinez del pozo etal (1989) have demonstrated the interaction of collagen fibrils with
DMPC at neutral pH (for details, see section 3.1.4).

In the absence of salt, procollagen bound to PC at neutral pH. The interaction was
weaker (on the basis of % bound in similar conditions) than that between procollagen
and SPM. The binding in only an absence of salt suggests an electrostatic nature to the
interaction. Dipoles exist around the collagen molecule which help to maintain a
stabilising water shell (Silver, 1982; 1983). Such dipoles may interact with the

phosphorylcholine headgroup of PC*.

“" The binding of spectrin to PS (Maksymiw ef al., 1987) and actin to positively charged liposomes
(Rioux and Gicquad, 1985) also involve electrostatic interactions.

148



1d ®A0s % §'L *Dd 389 % §'L *Od 38 % (07 *Oddd % $9 ,

ddd % S1 DdNd % S8

"Od Ppue sura101d snoua3e[[od usam1aq (-) 10U 10 (+) UOTIORIIUL UE UMOYS JOYII SABY JBY] SAIPMUS JO uosLredwod v 7° ¢ IqEL

8861

[OeN W 1°0 ‘0°2 Hd

‘Zjoyuareg pue usayo)) 100021 ¥ 0€ Iyynq areydsoyd w1 - Dd 839 uadeqoo

8861 O8N N 1°0 ‘0° Hd 95RIASIUTIOYD

‘Zjoyuareg pue uayod [ : 000LZ 14 0€ 133nq sreydsoyd i O] - 2d 839 -1A1a08

[OEN W 1°0 ‘0°L Bd 95RIAISAUTIOYO

LL61 1D 12 SUD[IRA = 0 0€ 133nq sreydsoyd uw o1 - Dd83s -1&1a0e
I 10008 YORDNW S “IOBN W 1°0 2dda

9861 “IP12 $S0Y  O1 ] : Q€€ LE 0z1 ‘v'L HA [DH-SUL Ww O +  Aurew v-dS
0RD WW € IDEN W 10 OdAd

€861 “Iv 12 Sury 1:0081 LE 0 ‘v'L Hd 91e10q winrpos pw g + Aqurew v-dS

D8N W (0T ‘PIoe onage

6861 AW §°Z YOJHeN IWW OF S[uqy

“Iv 12 0z0d [9p zounmmpy 1:0S2 0€ — ‘0'L HA 1DH-sUL, IWw (g + OdNd  uaSeroo
8861 ST oddd

“Ip 12 0z0d [9p ZouUnIRN 1:00L S1 0€ PIO€ 50308 W 001 + OdNd  uadeqoo
onel % "uru od jo

Q0UAIRJOY uonoyd : pidry -dwsay, aumy, suonrpuo)) uonoeruy  odAL u01g

149



No interaction of procollagen with PC was detected in 0.1 M acetic acid. In
contrast, Martinez del pozo et al (1988) demonstrated the interaction of collagen with
both DMPC and DPPC in 0.1 M acetic acid using a sedimentation-type binding assay.
With this assay, collagen remained at the top of a 8.5/ 17/ 40 % gradient after
centrifugation at 200,000 g for 5 hours. In the absence of collagen, [14C]labelled-PC
was shown to migrate to the 8.5/ 17 % interface, whereas in the presence of collagen,
the PC remained at the top of the gradient. Martinez del pozo er al. (1988) also used
differential scanning calorimetry to show collagen modifies the enthalpy change of the
PC phase transition. This was interpreted as a peripheral interaction between collagen
and PC in acetic acid. Any interaction between PC and procollagen in acetic acid is

probably too weak to be detected in the conditions of the flotation-type binding assay.

3.4.8 Protein-PC interactions

A wide range of proteins have been shown to interact with PC. These include
insulin (Wiessner and Hwang, 1982; Oomen and Kaplan, 1987), plasma fibronectin
(Rossi and Wallace, 1982) and serum amyloid A (Bausserman et al., 1983). However,

sequences or structure responsible for the interaction have not been identified.

3.4.9 Cartilage mineralisation

The calcification of cartilage in the hypertrophic zone of the growth plate or in
freeze fracture healing is an essential component of endochondral bone formation. An
area in which procollagen-SPM interactions may well play a role in vivo is in

biomineralisation as mediated by matrix vesicles (see below).

3.4.9.1 Chondrocalcin

Sequence analysis of chondrocalcin has revealed that it is the C-propeptide of type
II procollagen (van der Rest er al., 1986). This protein is most concentrated in calcified

cartilages, although it has also been detected in developing epiphyseal cartilage (Poole

150



and Rosenberg, 1986). In vitro, the intracellular chondrocalcin content is much greater
in growth plate cells compared to epiphyseal chondrocytes (Hinek er al., 1987).
Immunoelectron microscopic studies have localised deposits of chondrocalcin in high
concentrations, where and when cartilage calcifies (Poole er al., 1984; Poole and
Rosenberg, 1986). The fact that chondrocalcin binds strongly to hydroxyapatite (Poole
et al., 1984) and is localised at the site where the initial major focal calcification of

cartilage is observed suggests it has a role as a nucleation agent.

3.4.9.2 Matrix vesicles

Matrix vesicles are cell derived structures abundant in the extracellular matrix of
mineralising tissues that initiate deposition of mineral in developing bones and teeth
(Anderson, 1969; Ali et al., 1970; Ali, 1987). The vesicles have been shown to derive
from chondrocyte microvilli, where retraction of the supporting microfilament network
is essential for the release of these structures (Hale and Wuthier, 1987). Changes in
membrane lipid composition characteristic of matrix vesicles occur during microvillus
formation (Wuthier, 1989). There is a marked enrichment of PS, SPM and
lysophospholipids (Hale and Wuthier, 1987).

The matrix vesicles contain a variety of enzymes such as alkaline phosphatase,
lactate dehydrogenase and phospholipase A2 (Genge et al., 1990). The vesicles also
contain a family of phospholipid (PS)-dependent CaZ+-binding proteins which were
found to be immunologically related to the annexin family of proteins (Genge et al.,
1989; Genge et al., 1990; for further information on the annexins, see section 4.3.1.1).
The annexin-like proteins in conjunction with PS may provide the vesicles with sink
conditions necessary for the accumulation of large amounts of Ca?*+ and Pi® (see
below). Alternatively, Genge et al. (1990) suggest that the annexin-like proteins may
play a role in matrix vesicle formation.

Both type X and type II collagen were shown to bind to matrix vesicles(Wu et
al., 1989). Graded salt extraction selectively released type II collagen from the matrix

vesicle which suggests the interaction involves a collagen-binding protein. A

- Inorganic phosphate is represented by Pi.
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chondrocyte protein known to bind to type II collagen, anchorin CII (for details, see
section 4.3.1.1) has been shown to have strong homology to the annexin-like proteins
in matrix vesicles (Genge et al., 1992). One of the matrix vesicle annexin-like proteins
may play a role in linking the matrix vesicle membrane to collagen fibrils.

Matrix vesicles isolated from avian growth plate cartilage contain large amounts of
CaZ* and Pi (Wuthier, 1977). Matrix vesicles produced by cultures of growth plate
chondrocytes rapidly accumulate large amounts of Ca2+ and Pi (Wu ez al., 1989;
Wauthier, 1989). These form the first crystalline phase octacalcium phosphate which is
then converted to apatite.

The mechanism by which Ca2+ and Pi accumulate into the matrix vesicle remains
largely unknown. A Na*-dependent Pi transport system in matrix vesicles isolated from
avian growth plate cartilage has been characterised (for details, see Montessuit et al.,
1991). The annexin-like proteins may provide the necessary sink conditions to maintain
a proper ion gradient for rapid Ca2+ influx into matrix vesicles. A protease-sensitive
cation porter probably exists to control the rate of influx (Wuthier, 1989).

An increase in intraluminal Ca2+ concentration appears to activate membrane
breakdown (Wuthier, 1989). The high levels of phospholipase A2 may play a major
role in this process. Wu eral (1989) suggest that the interaction between collagen and

matrix vesicles would facilitate the spread of mineral into the matrix.

3.4.9.3 Implications of a C-propeptide-SPM interaction

Chondrocalcin has been observed in the immediate vicinity of matrix vesicles
(Poole et al., 1984; Oliver et al., 1987). However, an association as of yet has not been
reported. The matrix vesicles contain a high SPM content, i.e. 35 % of total lipid as
apposed to 8 % in chondrocytes (Hale and Wuthier, 1987). An explanation for this
enrichment in SPM has not been forwarded. Since most of the SPM wiil be in the outer
leaflet of the matrix vesicle membrane (Barenholz and Thompson, 1980), this region
will contain about 70 % of the lipid. Studies with SPM/ PC mixtures in the gel-
crystalline phase show binding of procollagen at this concentration. However, a slight

reduction in the SPM content (about 5-10 %) led to a substantial reduction in binding.
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This could provide a mechanism for controlling any possible interaction between
chondrocalcin and the matrix vesicles.

The following hypothetical scenario can be envisaged for the role of SPM in
cartilage calcification. Annexin mediated Ca2+ influx and binding to matrix vesicle
acidic phospholipids leads to an ordering and lateral phase separation of membrane lipid
microdomains (Haverstick and Glaser, 1987; Prigent-Dachary et al., 1986), and hence
SPM binding to extra-vesicular chondrocalcin. The increase in intraluminal Ca2+
activates phospholipase A, mediated breakdown of matrix vesicles, and then Ca2+ and
Pi released into the matrix interact with chondrocalcin to initiate mineralisation. Further

work is required to determine whether such a scenario operates in vivo.

3.4.10 Surface induced aggregation

Whether procollagen is secreted in monomeric or an aggregated form into the
extracellular milieu is unclear (for details, see section 1.6). Procollagen aggregation is
strongly favoured by adsorption to a mica surface (see section 1.8.3.1). Mould ez al
proposed that such an aggregation may be favoured at the cell surface, and that this
would assist both propeptide cleavage and the subsequent assembly of the processed
procollagen into fibrils.

The electrostatic interaction between an actin filament with the surface of a
positively charged liposome favours the lateral attraction of other filaments in register
(Rioux and Gicquaud, 1985). A similar mechanism was proposed for the formation of
in-register aggregates of procollagen. However, procollagen does not aggregate in the
presence of SPM liposomes in conditions where binding is expected.

The solubility limit of purified chick type I procollagen in phosphate buffered
saline is in the range 1-1.5 mg/ ml (Mould ez al., 1990). Above this concentration,
bundles of molecules (SLS-like aggregates) and D-periodic assemblies of procollagen
have been observed. The surface induced aggregation observed by Mould and Hulmes
(1987) probably took place as a result of high, local concentrations of procollagen

molecules, at, or close to the mica surface.
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CHAPTER 4

CELL SURFACE COLLAGEN BINDING
PROTEINS AND PROTEOGLYCANS
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4.1 General introduction

The exact site of procollagen processing in relation to the cell surface is unknown.
Several studies have suggested that procollagen processing may take place at or near the
cell surface (for details, see section 1.7). Retention of procollagen and/ or the
procollagen proteinases at the cell surface may involve membrane bound proteoglycans
(PG) or collagen binding proteins. This chapter contains preliminary observations of
the effect of heparin and dextran sulphate (Section 4.2) and a collagen binding protein

anchorin CII (section 4.3) on procollagen processing.

4.2 Heparin/ heparan sulphate and procollagen processing

There are 4 main types of glycosaminoglycans (GAG), hyaluronic acid,
chondroiton/ dermatan sulphate, keratan sulphate and heparin/ heparan sulphate.
Heparan sulphate and heparin have the same backbone structure, one which is notably
different from other glycosaminoglycans in its al,4 linkage between the N-
acetylglucosamine and the D-glucuronic acid' .The degree of N-sulphation is the major
characteristic that distinguishes heparan sulphate from heparin. Less than 50 % of the
N-acetyl groups are normally converted to N-sulphation in heparan sulphate, whereas
usually 70 % or more are converted in heparin.

Only heparan sulphate and chondroitin sulphate have been identified associated
with the cell surface (Toole, 1991). Several distinct forms of cell-surface associated
heparan sulphate proteoglycans (PG) have been characterised (David, 1991). These
PGs are intercalated into plasma membranes by transmembrane hydrophobic domians
in the core protein (Marynen et al., 1989) or by phosphatidylinositol constituents of the
PGs (David et al., 1990). Fibroglycan is an integral membrane protein with a
transmembrane domain of 25 amino acids (Marynen et al., 1989). It has been shown to

bind avidly to collagen and fibronectin through the intermediate of its heparan sulphate

' L-iduronic acid is produced by the epimerisation of D-glucuronic acid at the position where
the carboxyl group is located.
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chains. The cell surface associated heparan sulphate PGs have been proposed to act as
cell surface ‘catalysts’ that can influence cell growth, modulate matrix assembly and
remodelling, and control the activity of extracellular proteinases (Gallagher et al., 1990;
Giudo, 1990; David, 1991). In related work, it has been shown that procollagen
processing in fibroblast cultures is enhanced by the presence of either 0.01 % dextran
sulphate or 5 % polyethylene glycol in the culture medium (Bateman and Golub, 1990;
see section 1.7). The effect of polyethylene glycol is probably via a volume exclusion
mechanism, though the mechanism of dextran sulphate enhancement of processing is
unknown. The aim of this study was to determine the effect of heparin (as an analogue
for heparan sulphate) and dextran sulphate on the activity of purified procollagen N-

and C-proteinases.

4.2.1 Materials and methods

4.2.1.1 Electrophoretic assay

An electrophoretic assay was employed to determine the extent of cleavage of the
N- or C-propeptide of procollagen. The proa (I) chains and their processed forms were
separated by SDS-PAGE and quantitated by densitometry (Goldberg ez al., 1975;
Hojima et al., 1985).

Chick embryo tendon procollagen in storage buffer? was diluted with an equal
volume of 10 mM CaCl,/ 0.01 % NaN3, and then further diluted with 0.05 M Tris-HCI
pH 7.5/ 0.15 M NaCl/ 5 mM CaCl,/ 0.01 % NaN; (assay buffer) to a final
concentration of 12 pg/ ml. Partially purified C-proteinase (see section 2.3) and N-
proteinase (a generous gift from D.J.S.Hulmes) were diluted 10-fold with 0.05 M Tris-
HCl pH 7.5/ 5 mM CaCl,, and then further diluted with assay buffer. The final dilution
of the C-proteinase and the N-proteinase were 200 and 150-fold, respectively. These
dilutions gave a basal activity of about 10 % so that any enhancement of proteinase
activity would be clearly observed. The assay consisted of 10 pl [3H]procollagen, 20

ul of partially purified N- or C-proteinase and 20 pl heparin or dextran sulphate or

0.1 M Tris-HCI pH 7.4/ 0.4 M NaCl
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assay buffer to determine the basal activity. The concentration of heparin or dextran
sulphate (in assay buffer) added to the assay mixture ranged from 0.1-5 mg/ ml. The
effect of the neutral polymer polyethylene glycol (PEG) 4000 (1.5 or 5 mg/ ml) on
procollagen processing was also determined. The assay mixture was incubated for 4
hours at 35 °C. One quarter the volume of ‘stop’ buffer (100 mM Tris-HCI, pH 7.5/
125 mM EDTA) was added to each tube to terminate the assay. The samples were then
prepared for SDS-PAGE (see Figure 2.2). After electrophoresis, the gels were

processed for fluorography as described in section 2.2.3.

4.2.1.2 Rotary shadowing

Electron microscopy after rotary shadowing was used to investigate the interaction
of procollagen with dextran sulphate. The specimens were glycerol dried and prepared
by the mica-sandwich technique (see section 2.8.3). 10 pl procollagen (105 pg/ ml) in
0.05 M Tris-HCI pH 7.5/ 0.15 M NaCl/ 5 mM CaCl,/ 0.01 % NaN; was added to 20
p1 dextran sulphate and 56 pl glycerol (65 %). The final dextran sulphate concentration
was 0.5 mg/ ml. The mixture was incubated for 1 hour at 25 °C and then prepared for
rotary shadowing (for the protocol, see Figure 2.6). Glycerol dried specimens

containing only procollagen were also prepared.

4.2.2 Results

4.2.2.1 Determination of the enzyme activity

Procollagen was processed by either the N- or C-proteinase in the presence of
heparin or dextran sulphate (for details of procollagen processing, see section 1.7).
Fluorograms were analysed with a Joyce-Loebl Chromoscan 3 scanning densitometer.
Each band on the fluorogram can be assigned to a species containing type I collagenous
sequences on the basis of comparison with known locations (Prockop and Tuderman,
1982; see figure 4.1). The amounts of radioactivity in each band were determined from

the integrated peak areas in the densitometric scans. Care was taken when exposing the
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TYPE | PROCOLLAGEN PROCESSING

Figure 4.1 Fluorogram showing the positions of migration of proal. proa2, pCal,
2 2, al 2 chain -PA

(Courtesy of Dr D.J.S. Hulmes)
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fluorogram to remain within the linear response of the film. Since the proa2 (I) band
migrates only slightly slower than the pNol (I) band, these bands could not be
resolved for quantitation. A value of the integral for pNa1 (I) was calculated from the

following equations (Mellor et al., 1991),

[proacl] + [pCal] + [pNa1] + [al] = 66.7 %
[proa2] + [pCa2] + [pNa2] + [a2] = 33.3 %

The proteinase activity was determined from the % of the proal intermediate
relative to all the proacl chains, i.e. for the N-proteinase activity, [pCal]/ [pCal] +
[proac1]® . The enzyme activity (U/ ml) was calculated as the amount of enzyme which

cleaves 1 pg procollagen in 1 hour at 35 °C.

4.2.2.2 Effect of heparin and dextran sulphate on proteinase activity

Heparin was found to substantially decrease C-proteinase activity (see figures 4.2
and 4.3). The difference in C-proteinase activity in the presence of 5 mg/ ml heparin
was about -150 U/ ml. In contrast, heparin (0.1-5 mg/ ml) had no distinct effect on N-
proteinase activity (see Figure 4.3).

Dextran sulphate was found to enhance both N- and C-proteinase activity* (see
figure 4.4). Only 50 pg/ml was required to significantly enhance both N- and C-
proteinase activity. A considerably greater concentration of PEG (20-50 mg/ ml) was

needed to show an enhancement of proteinase activity (see figure 4.4).
4.2.2.3 Rotary shadowing
When procollagen (12 lLg/ ml) was observed by electron microscopy after rotary

shadowing, about 70 % of the molecules appeared as monomers (Figure 3.19). In

contrast, procollagen (12 pg/ ml) that had been incubated with 0.5 mg/ ml dextran

? For the N-proteinase activity, the % of pCal present in the absence of enzyme was subtracted.
* The proteinase assay with dextran sulphate was performed by D.J.S.Hulmes.
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Figure 4.2 Fluor

procollagen. (A) N-proteinase (B) C-proteinase. Enzymes were assayed in assay buffer
alone (0) or different concentrations (mg/ml) of polyethylene glycol (PEG) or heparin.

160



100

E ?
m —
g 0 5
= b & # |
= ® N-proteinase
> O C-proteinase
5 ?
<< -100
|—
LLJ
=

_200 i L i 1 1 1 1

0 1 2 3 4 5 6

HEPARIN (mg/ml)

Figure 4.3 The effect of heparin on the activity of the N- and C-proteinases.

Proteinase activity (units/ml) in assay buffer alone was subtracted from activity in the

presence of heparin.
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Figure 4.4 Fluorogram showing the effect of dextran sulphate on the processing of

type 1 procollagen. (A) N-proteinase (B) C-proteinase. The pro o chains, their

processing intermediates and the concentrations of dextran sulphate (lg/ml) are

indicated.
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sulphate appeared only in poorly defined aggregates (see figure 4.5). Clearly defined

procollagen monomers or aggregates were not observed (see discussion).

4.3 Anchorin CII

4.3.1 Introduction

4.3.1.1 Collagen-binding proteins

The existence of collagen-binding proteins on the cell surface was first suggested
from the binding studies of radiolabelled type I collagen and their peptides to fibroblasts
(Goldberg, 1979; Goldberg and Burgeson, 1982). The binding was shown to be
reversible, saturable and specific for sequences contained within the helical portions of
the a1l (I) and a2 (I) chains (Goldberg, 1979). The N-propeptide of type I procollagen
was also shown to inhibit binding to a lesser extent. The binding was competitvely
inhibited by native types II and III collagen, but not by other collagenous molecules,
e.g. acetylcholinesterase and type IV and V collagen (Goldberg and Burgeson, 1982).

Many types of collagen binding proteins have now been described. The collagen
binding integrins are a1B1, a2PB1 and o3f1 (Wayner and Carter, 1987; Staatz etal.,
1989; Ignatius et al., 1990). The involvement of the collagen arg-gly-asp containing
sequences in the interaction with the integrins is unclear (see Ruoslahti, 1991). A 46
kDa collagen binding glycoprotein from rat skeletal myoblasts has been characterised
(Nandan er al., 1988; Clark er al., 1991). The collagen-glycoprotein interaction was
inhibited by arg-gly-asp containing peptides. Several other glycoproteins similar in size

and properties have been described from various cell types (see Clark etal., 1991).

4.3.1.2 Anchorin CII

Anchorin CII is a collagen-binding protein (Mr 34 kDa) first isolated from

chondrocyte plasma membranes (Mollenhauer and Von der Mark, 1983). Subsequent
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Figure 4.5
sulphate, Magnification 150,000 x.
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studies have suggested that fibroblasts may also contain an anchorin CII-like protein
(Von der Mark et al., 1985). The cDNA sequence of anchorin CII (Fernandez et al.,
1988; Pfiffle er al., 1988) shows considerable similarity with those in human and
bovine calpactin, lipocortin and endonexin which are members of a family of Ca2* and
phospholipid binding proteins usually described as the annexins (for details of the
annexins, see Crompton et al., 1988; Haigler et al., 1989). Whilst the annexins have
been located to the inner-side of the plasma membranes, Pfiffle eral (1988) provide
evidence for the localisation of anchorin CII to the outer cell surface. This is consistent
with the notion that the protein is involved in the interaction of chondrocytes and

fibroblasts with extracellular collagen.

4.3.1.3 Dermatosparaxis

Persistence of large amounts of pN-collagen is the basis of a heritable disorder of
connective tissues called dematosparaxis (see section 1.12), originally seen in cattle and
sheep, where deficient N-propetide processing leads to highly abnormal collagen fibrils
(Fjglstad and Helle, 1974; Hulmes et al., 1989).

The deficient processing may be due to a defective enzyme or ancilliary protein. A
defective activity of the N-proteinase has never been directly demonstrated. Fibroblasts
from dermatosparactic animals differ from healthy controls in their interaction with
collagen (Delvoye et al., 1985, 1986, Mauch et al., 1986). In contrast with normal
fibroblasts, the dermatosparactic fibroblasts failed to contract collagen gels. Mauch ez
al (1988) correlated the inability of the dermatosparactic fibroblasts to attach to collagen
with the defficiency of a 34 kDa protein. This protein was recognised by an antiserum

to chicken anchorin CII.

4.3.1.4 Purpose of the study

The purpose of the study was to purify anchorin CII from chicken sternal cartilage,
and then to determine the effect of anchorin CII (incorporated into PS liposomes) on N-

proteinase activity using the electrophoretic assay described in section
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4.2.1.1.However, the purification of anchorin CII was not achieved because of

problems with the protocol described below.

4.3.2 The purification of anchorin CII

The protocol for the purification of anchorin CII from adult chicken sternal
cartilage was provided by K.von der Mark. The following procedures were undertaken

at4 °C.

4.3.2.1 Extraction

All adherent non-cartilage tissue (bone, muscle and perichondrium) were removed
from about 30 xyphoid processes from 4, 6, and 8 week old chicken broilers (obtained
from the AFRC Institute of Animal Physiology and Genetics, Edinburgh Research
Station). The sterna were cut into pieces, and then ground with crushed ice in a meat
grinder. The cartilage pellet was homogenised in 500 ml 50 mM Tris-HCI pH 7.4/ 2.5
mM EDTA/ 0.5 M NaCl/ 8.5 % sucrose with a Waring blender, and then centrifuged
for 1 hour at 11,000 g at 4 °C. The supernatant was dialysed against 50 mM Tris-HCl
pH 7.4/ 2.5 mM EDTA and then clarified by centrifugation at 54,000 g for 1 hour.

4.3.2.2 DEAE-Cellulose chromatography

A DEAE-Cellulose column (2.6 x 11 cm) was packed in the same way described in
section 2.1.3. The column was equilibrated with 50 mM Tris-HCI pH 7.4/ 2.5 mM
EDTA. The supernatant was applied at a flow rate of 36 ml/ hour. The column was then
washed with 2 column volumes of equilibration buffer. A linear salt gradient (300 ml
total; 0-430 mM) produced with a gradient former (Bethesda Research Laboratories,
Inc) was applied to the column. Fractions of 6 ml were collected and A 280 determined.

The fractions containing anchorin CII were determined by SDS-PAGE (see figure)

followed by immunoblotting® (see figure 4.6).

> Anti-anchorin CII antibody was a generous gift of K.von der Mark.
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Figure 4.6 Western blotting detection of anchorin CII in the fractions eluted from the

DEAE-Cellulose column. Fractions 9 to 16 were pooled for the subsequent purification

step.
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4.3.2.3 Preparation for Mono S chromatography

The anchorin CII containing fractions were pooled and concentrated to 1 ml using
an ultrafiltration cell (10 ml capacity Amicon cell) with a YM 10 membrane (molecular
weight exclusion limit 10,000). The concentrate was then diluted gradually by 10-fold
with Mono S buffer (20 mM sodium acetate pH 5.6). However, this resulted in the
formation of a precipitate. This should not have occurred according to the protocol. The
mixture was centrifuged at 50,000 g for 1 hour at 4 °C. Immunoblotting of the
supernatant with anti-anchorin CII revealed anchorin CII was not present. Therefore,
anchorin CII must have been present in the precipitate. However, since the precipitate
would not redissolve in 20 mM sodium acetate pH 5.6/ 0.2 M NaCl the purification
was abandoned. Further work is required to determine a salt concentration which will

allow anchorin CII to remain in solution (Mono S buffer) and yet still bind to the Mono

S column.

4.4 Discussion

The interaction of collagenous molecules with cells has been demonstrated
(Goldberg, 1982; Mollenhauer and von der Mark, 1983; Phelps et al., 1985). Such an
interaction may aid the segregation of the collagenous molecules and help to determine
the spatial specificity of their assembly. The interaction may also assist both propeptide
cleavage (see below) and subsequent assembly of processed procollagen into fibrils.
The mechanism involved in the interaction of the cell membrane with collagenous

molecules are poorly understood.

4.4.1 Heparin

Since the C-proteinase requires 5-10 mM Ca?2* for optimal activity (see section

1.7.2), the heparin inhibition of C-proteinase activity may be due to a reduction in the
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free Ca2* concentration® caused by heparin chelation. This acidic polymer has been
shown to bind to Ca2. However, rather curiously, heparin had no obviuos effect on N-
proteinase activity which also requires about 5-10 mM Ca2+ for optimal activity (see
section 1.7.1).

The inhibition of the C-proteinase may result from an interaction between heparin
and procollagen. Heparan sulphate has been shown to bind to collagen (Koda et al.,
1985; Marynen et al., 1989). Further work is required to determine whether cell surface
heparan sulphate PGs inhibit C-proteinase activity. This can provide a mechanism for

ensuring fibrillogenesis does not take place at the cell surface.

4.4.2 Dextran sulphate

Procollagen was completely processed to collagen by the addition of 0.1 mg/ ml
dextran sulphate to human fibroblast culture medium (Bateman and Golub et al., 1990;
see section 1.7). The enhancement of both N- and C-proteinase activity by dextran
sulphate was confirmed with the use of the proteinase assay. The neutral polymer PEG
also enhanced proteinase activity but only at a considerably greater concentration (20-50
mg/ ml). Therefore, the effect of dextran sulphate is not due to an exclusion effect.

The fact that dextran sulphate enhanced both proteinase activities suggests it
interacts with the procollagen rather than the proteinases. When procollagen was
incubated with dextran sulphate only large poorly defined aggregates were observed
with rotary shadowing. The interaction of dextran sulphate with procollagen would
explain the poorly defined structures. The results of the proteinase assays suggest that
the dextran sulphate-induced procollagen aggregate is a better substrate for both the N-

and C-proteinase. Further work is required to characterise these aggregates.

4.4.3 Interaction of type XI collagen with a polyanion at the cell

surface

Cartilage fibrils are heterotypically assembled from type II, IX and XI collagen

® The assay contains 5 mM Ca2*,
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(see section 1.8.3.3). Type XI collagen has been immunolocalised on to the surface of
chondrocytes in culture (Smith ef al., 1989). The association was suggested to be ionic
in nature which is consistent with a previous suggestion that type II collagen is retained
at the cell surface by interactions with a cell surface polyanion (Smith et al., 1985).
Smith ez al (1989) proposed the association of type XI collagen with the cell surface

may be a step in the assembly of the fibrils.

4.4.4 Anchorin CII

Anchorin CII may be an ancillary protein for the procollagen N-proteinase. It may
function in a similar way to that proposed for the enhancer’ of the C-proteinase (see
section 1.7.2). The enhancer has been suggested to act by presenting the procollagen
molecule to the C-proteinase in a favourable conformation, increasing thereby the
catalytic rate. Further work is required to determine the role of anchorin CII in the

cleavage of the N-propeptide, and to characterise its interaction with procollagen.

’ Enhancer has been suggested to be a cell-surface protein (Kessler and Adar, 1986).
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'ummary

'he interactions of [3H]procoﬂ:;§cn_l with various phospholipids were studied by density
radient centrifugation. At physiological conditions of pH, ionic strength and temperature, there
-as no evidence for procollagen binding to phosphatidylcholine, phosphatidylethanolamine,
hosphatidylinositol or phosphatidylserine liposomes. In contrast, procollagen I bound strongly
) sphingomyelin liposomes, in a reversible and saturable manner, with an apparent dissociation
snstant (K) of 2.6 nM. Binding occurred over a range of temperatures (4 °C to 37 °C) and
as relatively unaffected by salt concentrations up to 1.2 M NaCl. Binding was observed in
hosphate buffers but not in the presence of high concentrations of Tris or Hepes. Bovine
rum albumin had no effect on procollagen binding to sphingomyelin, neither did unlabelled
pe I collagen, with or without the non-helical telopeptides. Procollagen II and denatured
rocollagen I also bound to sphingomyelin. Procollagen binding to sphingomyelin at 35 °C was
»nsiderably reduced when small amounts of phosphatidylcholine were present, though binding
as partially restored when the temperature was reduced below the corresponding phase
ansition temperature. Purified, unlabelled procollagen C-propeptides successfully competed
r binding, and 1251 1abelled C-propeptides bound to sphingomyelin in the absence of
ocollagen. Weaker binding to sphingomyelin, mediated by the collagen triple helical region,
1s also observed, but this was dominated by the sphingomyelin C-propeptide interaction. The

ta suggest a novel mechanism for matrix vesicle mediated biomineralisation.



Several studies have pointed to a role for plasma membranes in the assembly and function
f the extracellular matrix (Hay, 1991). Cell surface receptors for collagens, fibronectins and
ther matrix components have t;éen identified (Albelda and Buck, 1990; Ruoslaht, 1991;
[ynes, 1990, 1992). Cell-matrix interactions are intimately involved in extracellular fibronectin
ssembly (Mosher et al., 1991; Chernousov et al., 1991; Limper eral., 1991), and in collagen
ssembly, collagen fibrils are extruded into extracellular compartments via membraneous, cell-
arface invaginations (Birk er al., 1991). Fibril forming collagens (Hulmes, 1992; van der Rest
2d Garrone, 1991) are synthesised in precursor form, pro-collagens, with N- and C-terminal
ropeptide extensions (Olsen, 1991). Kinetic studies indicate that procollagen processing can
>cur close to the plasma membrane (Morris et al., 1975; Mellor et al., 1991) and there is
wdirect evidence for the involvement of an anchorin-like, cell surface collagen binding protein
N-terminal procollagen processing (Mauch et al., 1988). Furthermore, the C-propeptides of
:pe I procollagen have been immunolocalised to the plasma membrane (Phelps ez al., 1985).
oth N- and C-terminal propeptides are thought to play a role in feedback inhibition of collagen
osynthesis (Wu er al., 1991) which suggests specific cell recognition mechanisms for these
-mains. Though much attention has been given to the identification of cell surface receptors for
-tracelluar matrix macromolecules, the role of membrane lipids in the assembly and function of
2> ECM is largely unknown.
We have shown that surface effects can have a pronounced influence on the aggregation
procollagen I (Mould and Hulmes, 1987). On a mica surface, association via the C-
-peptides leads to the formation of spoke-like arrays and in-register parallel bundles of
slecules. It has been suggested that interactions with the cell surface could direct the form of
sembly of newly synthesised collagens and their precursors (Goldberg and Burgeson, 1982;
-uld and Hulmes, 1987; Smith ez al., 1989). Collagen interactions with matrix vesicles have
-0 been implicated in the formation of bone (Wu er al., 1989, 1991c; Genge et al, 1992).
scractions of type I collagen with phosphatidylcholine have been described (Martinez del Pozo

=2/., 1988, 1989) and there have been several reports of lipid association with collagen




‘Barnes, 1985; Tall eral., 1978; Le Lous eral., 1982; Ozgunes and Artvinli, 1988; Pajean ez
2., 1991) and collagen-like proteins (Kuroki and Akino, 1991; Ross et al., 1986; Watkins ez
a2l., 1977; Cohen and Barenhol_z, 1‘-)84). Here we examine procollagen interactions with
iposomes of defined composition, in physiological buffer conditions. There is strong binding
o sphingomyelin, and the interaction appears to be mediated mainly by the C-terminal

ropeptides.
:XPERIMENTAL PROCEDURES

Reagents - Bovine brain SPM# and DMPC were purchased from Avant Polar Lipids,
‘elham, Alabama, USA. Bovine spinal chord phosphatidylserine, wheat germ phosphatidyl-
10sitol and egg phosphatidylethanolamine were supplied by Lipid Products, S Nutfield,
urrey, UK. (14cipopc (specific activity 3.89 GBg/mmol) was purchased from Amersham,
wylesbury, Bucks, UK. Pepsin (from porcine gastric mucosa) was supplied by Boehringer
{annheim, Lewes, E Sussex, UK. Other reagents were from Sigma, Poole, Dorset, UK or
.DH/ Merck, Poole, Dorset, UK.

Preparation of procollagens and their structural domains - [3H]procollagen I was
repared from the culture medium of 17 day chick embryo tendon cells, as described (Mould ez
{., 1990). The specific activity was typically 29,000 cpm/ jig. Pepsinised [3I-1'Jcollagcn I was
repared from the [3H]procollagen I by buffer exchange into 0.5 M acetic acid using Amicon C-
) microcentrators, followed by addition of pepsin to an enzyme:substrate weight ratio of 1:10,
1d digestion for 18 h at 4 °C. The [3H]collagen was precipitated by the addition of NaCl to a
nal concentration of 2 M, followed by centrifugation at 50,000 g for 1 h at 4 °C. Finally the
:1let was re-dissolved in 50 mM Tris/ HCI and the buffer was exchanged for assay buffer (150
M Na(l, 8.1 mM Na,HPOy, 1.9 mM NaH,POy, pH 7.4) with Amicon C-10 microconcen-
ators. SDS-PAGE and fluorography (Mellor er al., 1991) showed the procollagen propeptides

be absent (not shown). [3H]Procollagen II was purified from the medium of freshly isolated



17 day chick embryo sternal chondrocytes, as described by Dehm and Prockop (1973) and
Zurran and Prockop (1982), except that polyethylene glycol and DEAE-Sephacel were used for
he procollagen precipitation anc‘i.ion- exchange chromatography steps (Mould er al., 1990),
espectively.

Procollagen I C-propeptides were prepared from the medium of cultured chick embryo
2ndons, otherwise used for the preparation of procollagen C-proteinase (Hojima er al., 1985),
sing a modified version of the procedure described by Olsen et al. (1977). Typically 3 litres of
ulture medium (tendons from 100 dozen embryos) were used. All purification procedures were
t 4°C. Unbound material from the Green A Dye Matrix column (Hojima er al., 1985) was
pplied directly, at a flow rate 25 ml/h, to a column of concanavilin A - Sepharose (Pharmacia; 5
m x 2.6 cm), previously equilibrated in 50 mM Tris-HCI, 300 mM NaCl, 1mM CaCl,, 1 mM
nCl,, pH 7.4 (measured at room temperature). After washing with two column volumes of
quilibration buffer, bound material was eluted, at 25 ml/h, with equilibration buffer containing

M methyl a-D-mannopyranoside. Fractions (10 ml) were collected and the absorbance
ieasured at 280 nm. The single elution peak (not shown) was pooled and dialysed against
'EAE starting buffer (2 M urea, 50 mM Tris/HCI pH 8.6, measured at room temperature). The
alysed protein was applied at 10 ml/h to a column of DEAE-Sephacel (Pharmacia; 5 cm x 2.6
n), previously equilibrated and then washed with two column volumes of DEAE starting
iffer. Bound material was eluted at 10 ml/h with a 1000 ml linear gradient of zero to 300 mM
aCl in DEAE starting buffer. Protein was measured by absorbance at 280 nm and fractions (7
1) were analysed, both reduced and non-reduced, by SDS-PAGE with 12 % acrylamide in the
parating gel, followed by Coomassie Blue staining. Peak fractions consisted solely of
'ocollagen C-propeptides (not shown) and the yield from 100 dozen embryos was
proximately 5 mg protein. For some experiments, the C-propeptides were 125]-iodinated (by
. D.K. Apps) using IodoGen (Pierce, Oud Beijerland, The Netherlands), according to the

anufacturer’s instructions. The specific activity of the [125]C-propeptides was 564,700

m/Lg.



Unlabelled collagen I (a gift from Mr J.R.E. MacBeath) was prepared from lathyritic rat
kins as described (Payne et al., 1986), with the inclusion of a DEAE-Sephacel ion-exchange
‘hromatography step (to remc-)ve proteoglycans; Miller, 1971) following neutral salt
recipitation, and with omission of the ethanol precipitation step. For some experiments, the
on-helical telopeptide regions were removed by pepsin treatment (as above).

Preparation and characterisation of liposomes - Lipids were obtained either lyophilised
SPM, DMPC) or in chloroform/ methanol (2:1 v/v; phosphatidylserine, phos-phatidylinositol,
hosphatidylethanolamine). When necessary, solvent was removed by drying the lipids to a thin
lm in a glass vial, in a stream of nitrogen.The dried film or lyophilised lipid was dissolved (at

concentration of 10 mM) by stirring overnight in 1 ml of 50 mM n-octyl-B-D-glucoside
sreviously purged by bubbling with a stream of nitrogen). The detergent/ lipid molar ratio was
:1 to effectively solubilise the lipids and hence minimise the formation of lipid aggregates
viimms et al., 1981). Liposomes were formed by removal of detergent on a mini desalting
>lumn (Bio-Gel P6-DG), as described by Perez-Castineira and Apps (1990). The gel (1 ml)
‘as equilibrated in assay buffer, supported on glass wool and centrifuged for 2 min at 1200
ym (110 g) in a microcentrifuge tube pierced by a needle at the tip. Detergent dissolved lipid
‘00 ul) was applied, the microcentrifuge tube was supported on a 10 ml centrifuge tube, and
- turbid liposome solution was collected by centrifugation, as above. The liposome solution
as diluted 1:1 with assay buffer, then stored at 4°C in an atmosphere of nitrogen and used
ithin 8 hours. Lipid recovery after detergent solubilisation and desalting was measured in
ntrol experiments by the addition of trace amounts of [MC]DOPC.

Liposomes were analysed by photon correlation spectroscopy (Pusey, 1989) to
termine their translational diffusion coefficient, and hence their diameter. The measurements
>re made on a Malvern 4700c system with an Argon-ion (100 to 250 mW) or He-Ne (40 mW)
ser. Liposome samples were filtered through 0.45 um Nuclepore filters and analysed in 1 cm
ameter cylindrical quartz cells. Measurements were made at 25 °C at a scattering angle of 90°.

ita were accumulated from several runs (typically 10) each of duration 10 sec, with automatic



ejection of runs in which the integrated intensity differed significantly from the mean.

Liposome preparations were also examined by electron microscopy, after rotary shadowing
with platinum of freeze-dried spcc_:imelns prepared by the “mica-sandwich” technique (Mould ez
i., 1985), or by negative staining with 1 % (w/v) phosphotungstic acid at neutral pH (New,
990). Grids were examined in a Philips CM12 transmission electron microscope.

Density gradient binding assay - Unbound proteins were separated from lipid and lipid-
rrotein complexes by centrifugation in a stepwise sucrose gradient. Gradients consisted of 0,
0, 40 and 60 % sucrose in phosphate buffered saline (or otherwise), with the sample to be
nalysed initially in the 40 % sucrose region. The gradient was chosen so that liposomes floated
o the 0/ 30% sucrose interface and protein sedimented to the 40/ 60 % sucrose interface. In a
tandard assay, [31-1] procollagen I (approximately 1 mg/ml) in storage buffer (0.4 M NaCl, 0.1
1Tris-HCl, pH 7.5) was diluted with an equal volume of H»O (to lower both Tris and NaCl
oncentrations) and then further diluted with assay buffer, or dialysed against assay buffer, so
1at the final Tris concentration was below 0.5 mM. A 50 pl aliquot of this diluted procollagen
ypically 9 pg/ml or 20 nM) was added to 100 pl liposomes (0.45 mM), followed by 300 pl of
0 % sucrose (in assay buffer) to give a final concentration of 40 % sucrose. For the com-
etitive inhibition studies, an additional 50 pl of the putative inhibitor (in assay buffer) was also
resent and the amount of 60 % sucrose was adjusted accordingly to give the final 40 %
»ncentration. The protein/ lipid mixture was incubated for 1 h at the selected temperature before
2ing incorporated into the stepwise sucrose gradient. Gradients were formed in 5 ml centrifuge
ibes, by upwards displacement with increasing sucrose concentrations, 0 % (1ml), 30 %
'ml), 40 % (450 pl or 600 pl incubation mixture) and 60 % (600 pl). Centrifugation was in a
eckman SW50.1 rotor at 41000 rpm (200,000 g) for 4 hours at the selected temperature,
sually 35 °C. After centrifugation, liposomes were always present at the 0/ 30 % sucrose
terface, as shown by the visible turbidity. A bung was inserted in the top of each tube, with
bing connected to a peristaltic pump, then a hole was made in the the base and fractions

pproximately 150 pul) were collected in microcentrifuge tubes. For each fraction, 34 or 14C



:pm were detected by liquid scintillation counting using Cocktail T (BDH, Poole, Dorset, UK)

e 1251 cpm were measured in a gamma counter..

RESULTS

Characterisation of liposomes - Liposomes were prepared by detergent dialysis using
DMPC, phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine or SPM. Photon
orrelation spectroscopy gave the following Z-average mean diameters (and polydispersity):
ODMPC liposomes 156 nm (36 % polydispersity), SPM liposomes 175 nm (28 %
olydispersity). The SPM liposomes were also examined by electron microscopy, after rapid
reeze drying and rotary shadowing, and their number average diameter was 116 +/- 5 nm (SE,

= 70).This latter value was used in subsequent estimations of the number of binding sites per
PM liposome (see below). By negative staining, the SPM liposomes appeared multi-lamellar
10t shown).

Procollagen-liposome interactions - Possible interactions of [3H]procollagcn I with
hospholipids were studied by density gradient centrifugation, using a flotation-type binding
ssay in which the procollagen lipid incubation mixture was initially incorporated into the 40 %
gion of a discontinuous 0/ 30/ 40/ 60 % sucrose gradient (see Materials and Methods). In the
psence of lipid, essentially all the [3H]procollagen sedimented to the 40/ 60 % sucrose
terface, leaving only 9.1 +/- 0.4 % (S.E., n = 6) of total recovered cpm in the upper half of
e gradient (Fig. 1(a)). In the absence of protein, DMPC migrated to the 0/ 30 % sucrose
terface, as shown with DMPC liposomes containing added [14C]DOPC (Fig. 1(b)). When
;H]procollagen I was added to unlabelled DMPC, in physiological conditions of pH, ionic
rength and temperature, there was no evidence of any interaction, with only 12.5 +/- 1.5 %
E, n = 3) of recovered cpm in the upper half of the gradient (Fig. 1(c)). Similar results were
stained with liposomes of phosphatidylethanolamine, phosphatidylinositol or phosphatidyl-

rine (data not shown). With SPM liposomes, however, most of the [3H]procollagcn co-



nigrated with the lipid at the 0/ 30 % sucrose interface (Fig. 1(d)). The amount of procollagen
yound to the lipid was determined from the total cpm in the upper half of the gradient. In
tandard assay conditions (2 nM. procollagen , 0.1 mM phosholipid, 10 mM phosphate, 150
nM NaCl, pH 7.4, 35 °C), 85.6 +/- 0.8 % (S.E., n=6) of the procollagen recovered from the
radient was found in the bound fractions. SDS-PAGE and fluorography showed that the
rrocollagen chains were intact in both the bound and unbound fractions (not shown). Total
ecovery of cpm throughout the gradient was 82.5 +/- 1.8 % (S.E.; n=6) of cpm applied in the
riginal incubation mixture.

SPM binding was also observed with [3H] procollagen II, where 85.1 £2.3 % (S.E;
=4) was bound at 35 °C in standard assay conditions (not shown). SPM interactions with
rocollagen I were abolished in the presence of both Tris (50 mM Tris-HCl pH 7.4, 0.15 M
IaCl) and Hepes (20 mM Hepes pH7.4, 0.15 M NaCl) buffers, though low concentrations of
ris (0.5 mM) had no effect. Procollagen I binding to SPM was also observed at 4 °Cin 0.1 M
setic acid, though again no binding was seen with DMPC liposomes in similar conditions (data
ot shown).

Concentration dependence of the procollagen-SPM interaction - At a fixed concentration
£ [3H]procollagen I (2 nM), the proportion of total cpm in the bound fractions increased with
icreasing concentrations of SPM (Fig. %) Optimal binding required freshly prepared
posomes and a concentration of 0.1 mM SPM was chosen both to maximise binding and to
aintain a homogeneous dispersion of lipid.

To study the reversibility of the protein-lipid interaction, the procollagen-SPM complex
as isolated from the bound fractions, and then further incubated for 1 h in 40 % sucrose
llowed by re-centrifugation. Only 70 % of the procollagen remained in the bound fractions
ot shown), showing that the procollagen was in equilibrium with the procollagen-SPM
ymplex.

At a fixed concentration of SPM (0.1 mM), the amount of [3H]procoilagen bound

creased with concentration, and approached saturation (Fig. 3). Direct non-linear least squares

10



fitting to the binding data (courtesy of Dr G L Atkins) gave an apparent dissociation constant
(Kq) of 2.55 +/- 0.14 nM with a saturation limit of 5.05 +/- 0.08 nM. From the amount of
srocollagen bound at saturation, and _assuming a single lipid bilayer with a value of (.58 nm?
‘or the surface area of the SPM headgroup in the gel crystalline phase (Barenholz and
Thompson, 1980; see below), the number of procollagen molecules bound per SPM liposome
was approximately 7. As the liposomes were known to be multi-lamellar, this number must be
-egarded as a lower limit.

Nature of the procollagen-SPM interaction - The nature of the procollagen-SPM
nteraction was investigated by varying the buffer conditions, as follows. To study the effect of
onic strength, NaCl was added to the procollagen-SPM incubation mixture (prepared in 10 mM
»hosphate buffer in the absence of NaCl) from a stock solution in 60 % sucrose. When
eparated by density gradient centrifugation, with the NaCl concentration throughout the
radient adjusted accordingly, the proportion of procollagen in the bound fractions increased
lightly with increasing salt concentration, from 68.8 +/- 13.1 % (SE, n=3) in the absence of
{aCl to 94.0 +/- 3.0 % (SE, n=2) in 1.2 M NaCl. These observations suggest that the
ateraction 1s not electrostatic in nature. The procollagen-SPM interaction was also examined in
shosphate buffered saline over a range of temperatures (Fig. 4). Between 4 and 37 °C, a small
ccrease was observed in the proportion of [3I-I]procollagen bound, suggesting that
ydrophobic interactions are also not important for binding.

At 39 °C, a sharp decrease in binding was found. This is close to the denaturation
:mperature of chick procollagen I (42 °C; Hayashi er al., 1979), so to examine whether the lack
f binding at 39 °C was due to protein denaturation, the procollagen was first denatured by
eating to 60 °C for 5 min. When incubated and centrifuged at 35 °C with SPM liposomes in

andard buffer conditions, denatured procollagen bound almost as efficiently as native
rocollagen (Fig. 4). Therefore the decrease in binding at 39 °C was not attributable to
-ocollagen denaturation.

DMPC/ SPM mixtures and lipid phase dependent binding - An alternative interpretation

11



for the reduced binding at 39 °C was the possible requirement for SPM to be in its gel crystalline
shase, since 39 °C is close to the crystalline/ fluid phase transition temperature of SPM from
sovine brain (41 °C; Ultracht and Shipley, 1977). Lentz er al. (1981) have shown that the lipid
whase transition temperature is changed when liposomes are prepared from mixtures of SPM
ind DMPC. Increasing amounts of DMPC lower the approximate phase transition temperature
rom 41°C to 24 °C (Lentz et al., 1981). Therefore, liposomes were prepared from SPM/ DMPC
nixtures (total phospholipid concen-tration 0.1 mM) and their interactions with [3H]procollagen
were measured, in standard buffer condidons, at 4 °C and at 35 °C.

At 35 °C, the presence of small amounts of DMPC greatly reduced the amount of
'3H]procollagcn bound (Fig. 5). No more than 20 % binding was observed when the DMPC
:ontent was 10 % or greater. In contrast, at 4 °C, maximum procollagen binding was observed
with mixtures containing up to 26 % DMPC, and there was a sharp transition in the percentage
sound with a mid-point at approximately 35 % DMPC. A temperature of 4 °C is well below the
vhase transition temperature for any of the SPM/ DMPC mixtures. These data suggest that
srocollagen only interacts with the gel-crystalline phase of SPM, and that the interaction
equires at least 65 % SPM when the procollagen concentration is 2 nM.

Procollagen domains involved in the interaction - In order to determine which region(s)
f the procollagen molecule were important for the interaction with SPM, binding of
’H]procollagen I was investigated by competitive inhibition with either unlabelled procollagen
r separated procollagen domains. As expected, unlabelled procollagen successfully competed
or binding of [3H]pr0collagcn to SPM (Fig. 6), when assayed at 35 °C in standard buffer
onditions. In contrast, no inhibition was observed in the presence of highly purified lathyritic
it skin collagen I, when assayed at 4 °C (to avoid collagen aggregation) in standard buffer
snditions. The interaction was also unaffected in the presence of pepsin treated collagen (i.e.
ith shortened non-triple helical telopeptides) up to a molar excess of 30 fold. With bovine
'rum albumin, only a slight inhibition was observed at a molar excess of 100 fold, with 71 %

" total procollagen remaining in the bound fractions (not shown).
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When unlabelled purified procollagen C-propeptides were present in the competitve
inhibition binding assay, inhibition was observed that appeared to be equivalent up to a 15 fold
molar excess to the effect of add;:d uﬁlabclled procollagen. These observations suggested that
procollagen I bound to SPM via its C-propeptides. The presence of C-propeptides at a molar
excess greater than 15 fold was found to have little further effect on the inhibition of
procollagen binding. At a 54 fold molar excess, 40 % of the [>H]procollagen remained bound
to SPM. This suggested additional, weaker binding elsewhere on the procollagen molecule and
remote from the C-propeptides.

To further examine the role of the procollagen C-propeptides in binding to sphingo-
myelin, direct binding studies were carried out with 1251 labelled C-propeptides from chick
procollagen I. When incubated with SPM liposomes in standard buffer conditions, [125]]C-
propeptides were found to bind in a saturable manner (Fig. 7). Direct non-linear least squares
fitting to the binding data gave an apparent dissociation constant (K 4) of 2.32 +/- 0.53 nM with
a saturation limit of 25.6 +/- 0.7 nM. The dissociation constant was similar to that for
procollagen, though the saturation limit was about five-fold greater. Therefore, procollagen
binds to SPM with a similar affinity to its isolated C-propeptide domain, but there appear to be
more binding sites per liposome for the C-propeptides.

Though the lack of inhibition of [3*H]procollagen binding to SPM by unlabelled collagen
suggested that the binding mechanism was independent of the mature collagen domain, others
‘Cohen and Barenholz, 1984) have reported binding of collagen to SPM. To investigate this,
3H]collagen I was prepared by pepsinisation of [3H]pro-collagen I, and binding to SPM was
tudied in standard assay buffer at 4 °C (to minimise collagen aggregation). At a [3H]collagen I
oncentration of approximately 2 nM, 29.1 % * 0.7 % (S.E., n=4) was bound to
pingomyelin, compared to 93.5 +/- 0.9 % (S.E., n=10) of [3H]pr0c011agcn bound in identical
onditions (4 °C). Thus weak binding via the collagen domain also seems important for binding

o SPM.
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DISCUSSION

Binding is predominantfy w';:z the C-propeptide domain - We have shown that
rocollagen I binds specifically to SPM in physiological conditions of pH, ionic strength and
emperature. In the same buffer conditions, there was no evidence for procollagen binding to
OMPC, phosphatidylethanolamine, phosphatidylserine or phosphatidylinositol. SPM binding
vas also observed with procollagen II. The binding of procollagen I was saturatable, with an
pparent dissociation constant (K 3) of 2.6 nM. From the competitive inhibition studies, binding
ppeared to occur via the C-propeptides, since at low inhibitor concentrations the effect of
nlabelled C-propeptides was equal (on a molar basis) to that of unlabelled procollagen, while
nlabelled collagen, with or without the non-helical telopeptides, was ineffective. Furthermore,
231.1abelled C-propeptides were found to bind to SPM with a similar K4 (2.3 nM) to that of
3H]pr¢:>collagen I. The observation that binding was unaffected following denaturation of
rocollagen further points to a role for the C-propeptides, since this region of the molecule
>mains relatively intact (due to interchain disulphide bonds) after denaturion of the triple-helix.

At high inhibitor concentrations, unlabelled procollagen competed more efficiently for
inding of [3H]procollagcn to SPM than did the isolated C-propeptides. This observation
1ggests that while binding occurs predominantly via the C-propeptide domain, additional
eaker binding is mediated by at least one region elsewhere on the procollagen molecule. The
bserved weak binding of 3H-labelled pepsinised collagen to SPM supports this interpretation
1d suggests that one such region is the main triple-helical domain. Binding of collagen to SPM
posomes has also been reported by Cohen and Barenholz (1984). Weak binding via the triple
lical domain is consistent with the failure of unlabelled collagen to inhibit procollagen binding
 SPM, when strong binding continues to be mediated by the C-propeptides.

Protein - SPM interactions - The asymmetric form of acetylcholinesterase also binds
ecifically to SPM, with almost no binding to phosphatidylcholine (Watkins et al., 1977,

ohen and Barenholz, 1984). The asymmetric form of this enzyme has a collagen-like tail
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(Hulmes, 1992) and binding to SPM is abolished following treatment with bacterial collagenase
(Cohen and Barenholz, 1984). This observation was originally interpreted in terms of a direct
role for the collagenous triple-hel-i;:al ﬁgion in binding (Cohen and Barenholz, 1984), but in the
light of our results with procollagen, it is possible that binding of acetylcholinesterase to SPM
may also be mediated by the globular foot of its collagenous “stalk”, since collagenase treatment
would sever the link between the foot region and the catalytic subunits. In accord with our
observations on procollagen, the acetylcholinesterase molecule bound more strongly to SPM
than collagen alone (Cohen and Barenholz, 1984), and the interaction was insensitive to ionic
strength (up to 1 M NaCl; Watkins ez al., 1977) and temperature (4 °C and 37 °C; Cohen and
Barenholz, 1984). The amino acid sequence of the collagen tail from Torpedo
acetylcholinesterase has recently been published (Krejci ez al., 1991), but we have found no
sequence homologies between its terminal non-collagenous sequences and the procollagen C-
propeptides. Cohen and Barenholz (1984) suggested that binding of acetylcholinesterase is
mediated by hydrogen binding in the interface region of SPM, which contains hydroxyl and
amide groups not found in phosphatidylcholine.

Collagen-lipid interactions - We found no evidence for procollagen binding to
phosphatidylcholine in physiological buffer conditions, in agreement with the observations of
Watkins er al. (1977) and Cohen and Barenholz (1984) on acetylcholinesterase and collagen.
Martinez del Pozo et al. (1988) reported binding of collagen to both DMPC and DPPC
iposomes in 0.1 M acetic acid, as determined by density gradient sedimentation, fluorescence
bolarisation and differential scanning calorimetry, while in our flotation binding assay with
yrocollagen I and DMPC liposomes in the same buffer conditions, we found no evidence for
uch an interaction (not shown). Furthermore, at neutral pH, Martinez del Pozo et al. (1989)
eported an interaction between DMPC and collagen fibrils, and Ross et al. (1986) found the
ollagenous domain of the lung surfactant protein SP-A to be important for its interaction with
predominantly) DPPC, while Mollenhauer and von der Mark (1983) found no binding of 1231-

abelled collagen II to egg lethicin liposomes. Our flotation binding assay revealed a weak
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interaction between DMPC and procollagen I at neutral pH but only in conditions of low ionic
strength (not shown). We conclude that any interactions between DMPC and procollagen in
physiological buffer conditions are too weak to be detected in the conditions of our flotation
binding assay.

Importance of the of the gel to liquid crystalline lipid phase transition - We found that
the procollagen-SPM interaction was relatively insensitive to temperature over the range 4 to 37
°C. At 39 °C, however, the extent of binding decreased considerably, an effect that could not be
ascribed to procollagen denaturation since denatured procollagen bound equally well as native
procollagen at 35 °C. SPM is unique among phospholipids in that its gel to liquid crystalline
phase transition (41 °C at the mid-point for bovine brain SPM; Untracht and Shipley, 1977)
accurs close to the physiological range of temperature (Lentz er al., 1981), hence the lack of
orocollagen binding at 39 °C suggested that the interaction required SPM to be in its gel
rystalline state. To test this hypothesis, liposomes were prepared from mixtures of SPM and
DMPC, where the phase transition temperature decreases to about 24 °C as the mole percentage
»f DMPC increases to 100 % (Lentz et al., 1981). The presence of 10 mol % DMPC in the lipid
nixtrure dramatically reduced the extent of procollagen binding at 35 °C. With 14 mol %
OMPC, the mid-point of the C{-SPM phase transition decreases to approximately 33 °C (Lentz
t al., 1981) and hence a significant proportion of the SPM molecules will be in the relatively
lisordered, liquid crystalline state. Procollagen binding to liposomes made from 90 mol %
yPM/ 10 mol % DMPC was restored when the temperature was lowered to 4 °C, well below the
hase transition temperature of both lipids. The lack of binding to 100 % DMPC at 4°C showed
hat ordering of the phosphorylcholine groups, which are common to both SPM and PC, is not
ufficient for the interaction with procollagen, and hence the interaction is specific for the gel
rystalline phase of SPM. Low temperature binding was restored up to a DMPC concentration
f 35 mol %. Lentz et al. (1981) have studied the temperature dependence of mixing of C4-
PM and DMPC and concluded that these lipids mix freely at physiological temperatures. At 4

C however, below the phase transition temperature of both lipids, there was evidence for lateral
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phase separation at DMPC concentrations less than 40 mol % (Lentz er al., 1981). This
coincides with the abrupt change in the extent of procollagen binding to SPM/ PC mixtures at 4
°C (Fig. 5(b)). Therefore binding-of procollagen to SPM appears to require discrete domains of
SPM with the lipid in its gel crystalline state.

Cohen and Barenholz (1984) also found that binding of collagen-tailed acetylcholin-
esterase to SPM was markedly diminished by the presence of DMPC, though the temperature
dependence of binding to SPM/ PC mixtures was not reported. The importance of phase
transitions has been demonstrated in a number of protein-lipid interactions. For example, the
binding of SP-A to 85 % DPPC/ 15 % DPPG was considerably increased when the temperature
was below the phase transition temperature (King eral., 1983), and similar observations were
made with insulin binding to DMPC (Wiessner and Hwang, 1982).

Biological significance of the procollagen-SPM interaction - The dissociation constant
for binding of procollagen I to SPM (K4 = 2.6 nM or 1.1 pg/ml) is likely to be lower than the
procollagen concentration in secretory vesicles or in the immediate pericellular compartment
(Birk et al., 1991; Phelps er al., 1985). Therefore, a significant interaction between SPM and
procollagen or its released C-propeptides is possible in vivo. However, binding in vitro was
only observed when the SPM concentration exceeded 60 % (w/w), and then only when SPM
was in the gel crystalline phase and/or in discrete microdomains. SPM is a major component of
plasma membranes, where it accounts for 5-20 % of total lipids depending on species and cell
type (Gennis, 1989). Because of its relatively large head group, SPM is distributed
asymmetrically in the membrane, where it occurs mostly on the extracellular surface (Gennis,
1989). Therefore the proportion of SPM in the outer leaflet will be greater than the SPM
concentration as a proportion of total lipids. A similar situation exists in liposomes made from
mixtures of SPM and DMPC, where again SPM is concentrated in the outer leaflet (Barenholz
and Thomson, 1984; Kumar and Gupta, 1985). We conclude that the procollagen-SPM
nteraction may be important in vivo, but it requires relatively high concentations of SPM in

liscrete, ordered microdomains (Watkins er al, 1977; Cohen and Barenholz, 1984; Rintoul ez
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al., 1979).

An area in which procollagen-SPM interactions may well play a role in vivo is in
biomineralisation, as mediated t_)y m-atrix vesicles. Matrix vesicles are cell derived structures
abundant in the extracellular matrix of mineralising tissues that appear to initiate the process of
mineral deposition (Anderson, 1989; Ali, 1987). The membranes of matrix vesicles derived
from chondrocyte microvilli during endochondral ossification are particularly rich in sphingo-
myelin (Hale and Wuthier, 1987; Wuthier, 1975), which accounts for up to 35 % of total lipid
(and hence up to twice this amount in the outer leaflet). Vesicle contents include alkaline
phosphatase, phospho-lipase A, and a number of annexin-like proteins that bind Ca2* in the
presence of acidic phospholipids (e.g. phosphatidylserine), thereby providing the necessary
sink conditions for rapid Ca2* influx (Genge er al., 1989, 1990, 1991, 1992; Wu eral., 1989,
1991b, 1991c).

Matrix vesicles bind collagens I and X (Wu ez al., 1989, 1991c). Anchorin CII is a
collagen II binding protein and member of the annexin family (annexin V) that immunolocalises
to chondrocyte plasma membranes (Pfaffle et al., 1988). One of the matrix vesicle annexins is
near identical to anchorin CII, and therefore it may play a role in linking the vesicle membrane
to collagen fibrils (Genge eral., 1990, 1992). Annexin V has also been found to be a voltage-
regulated Ca2* channel protein (Rojas et al., 1990). A further factor is the presence of
chondrocalcin, identified as the C-propeptide domain of procollagen II (van der Rest ez al.,
1986) at the sites of initial mineral deposition (Poole et al., 1984). Chondrocalcin binds
strongly to hydroxyapatite and it may provide nucleation sites for calcification (Hinek ez al.,
1987). In view of the strong homology between the C-propeptides of procollagens I and II
(Dion and Myers, 1985), it is likely that procollagen II binding to SPM is also mediated by this
jomain.

The following hypothetical scenario can be envisaged for the role of SPM in cartilage
-alcification. Annexin mediated Ca2™ influx and binding to matrix vesicle acidic phospholipids

Genge er al., 1991) leads to ordering and lateral phase separation of membrane lipid
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microdomains (Haverstick and Glaser, 1987; Prigent-Dachary er al., 1986), and hence SPM
binding to extra-vesicular chondrocalcin. The increase in intraluminal Ca2+ activates
phospholipase A, mediated breakdown of matrix vesicles (Wuthier, 1989), and then Ca2+and
Pi released into the matrix interact with chondrocalcin to initiate mineralisation. Fur-ther work

is required to determine whether such a scenario operates in vivo.
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Figure Legends

Fig. 1. Centrifugation in discontir-mou_s 0/30/40/60 % sucrose gradients of (a) 3H—procollagen I
alone (b) liposomes of DMPC with trace amounts of 14C.DOPC (c) mixture of [3H]procollagcn
I and DMPC liposomes and (d) mixture of [3H]procollagcn I and SPM liposomes. All gradients
were in phosphate buffered saline, with samples initially in the 40 % sucrose region.

Fig. 2. Dependence of 3H-procollagen I binding on SPM concentration. [3I-I]pr0-collagen 12
nM) was incubated with increasing concentrations of SPM liposomes and then analysed by
discontinuous sucrose gradient centrifugation. The SPM concentrations in the incubation
mixtures and amounts of [3H]procollagen I in the bound fractions (top half of the gradient)
were (a) 12.5 uM, 41 % bound (b) 25 uM, 54 % bound (c) 50 uM, 77 % bound and (d) 100
UM, 85 % bound.

Fig. 3. Concentration dependence of [3H'Jprocollagen I binding to SPM liposomes. Increasing
concentrations of [3H]procollagen I were incubated with 0.1 mM SPM and the amount of
procollagen in lipid-bound fractions determined by discontinuous sucrose gradient
centrifugation. The curve shows the non-linear least squares fit to the data using a dissocation
constant (K4) of 2.55 nM and a saturation limit of 5.04 nM. Concentrations are expressed with

respect to the volume of the original incubation mixture (450 pl).

'Fig. 4. Effect of temperature on [3H]procollagcn I binding to SPM liposomes. Bin-ding was
assayed by discontinuous sucrose density gradient centrifugation in standard assay conditions
(see text), and is expressed as the percentage of total 3H cpm in the top half of the gradient. The
binding of denatured [3H]procollagcn I at 35 °C is indicated by den(35). Error bars show

standard error of the mean.



Fig. 5. Binding of [H]procollagen I to liposomes made from mixtures of SPM and DMPC.
The percentage of 3H cpm in the bound fractions was measured in standard assay buffer as a
function of DMPC content using 2 nM [3I-I] procollagen I and 0.1 mM total lipid concentration

in the incubation mixture. Binding was measured at (a) 35 °C and (b) 4 °C. Error bars show

standard error of the mean.

Fig. 6. Effect of unlabelled procollagen I and its various structural domains on the binding of
[3H]procollagen I to SPM. Binding was measured in standard assay conditions at 35 °C in the
presence of added procollagen I (@), collagen I (A), pepsinised collagen I (3) or procollagen I
C-propeptides (O ), and is expressed as the percentage of maximum binding in the absence of

competitive inhibitors, with the molar ratio of inhibitor to [3H]procollagen I on the horizontal

axis.

Fig. 7. Concentration dependence of the binding of 1251.1abelled procollagen I C-propeptides to
SPM liposomes. Increasing concentrations of 1251 1abelled C propeptides were incubated with
0.1 mM SPM and the extent of binding was determined by discontinuous sucrose gradient
centrifugation. The curve shows the non-linear least squares fit to the data using a dissocation
constant (Kq) of 2.32 nM and a saturation limit of 25.6 nM. Concentrations are expressed with

respect to the volume of the original incubation mixture (450 pl).
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