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Chapter |

Background and Significance

Chemistry of Type | Collagen Cross-links

Type | Collagen : Definition, Classification and Biosynthesis

The most abundant proteins of the extracellular matrix (ECM), of the vertebrate bodly,

are member of the collagen superfamily. The name “collagen” is generically used to cover

a wide range of protein molecules which form supramolecular ECM structures and share the

basic structural motif of three polypeptide chains wound in a characteristic triple helical

configuration.  Collagen, by definition, is a structural protein that contains one or more

domains of a triple helix comprised of three polypeptides, Ol chains, and assembled into an

aggregate in the extracellular space which gives connective tissues their physicochemical

properties (Van Der Rest et al., 1993, Yamauchi, 1995). Each of the three polypeptide

chains forms a left-handed helix, stabilized by high imino acid content (i.e. proline and

hydroxyproline), and the three chains are supercoiled around a common axis in the right-

handed manner to.form-a-triple helix. Collagens: contain-large -domains comprised of

repeating -Gly-X-Y- sequences where the residues in the X.and Y positions are often proline

and hydroxyproline respectively (Piez, 1984, Linsenmayer, 1991, Van Der Rest et al., 1993).

The presence of glycine as every third amino acid in the repeating Gly-X-Y- sequence is

essential because a larger amino acid will not fit in the center of the triple helix, and only

glycine which is the smallest amino acid with a side chain limited to a single hydrogen atom



can fit into this position providing flexibilty and conformation of the triple helix. The triple

helix is relatively rigid giving the molecule resistance to extension and compression which is

important for the biological function of the protein. The positions -X-Y- can be occupied by

any amino acid without having any effect on the triple helical structure, however, proline and

4-hydroxyproline are often found in the -X-Y- positions respectively, which helps stabilizing

the triple helical structure (Yamauchi, 1995, Bateman et al., 1996). Another important

chracteristic of collagen is its extensive post-translational modifications many of which are

unique to collagen. The modifications include the enzymatic hydroxylation of specific proline

and lysine residues, and the further modification by glycosylation of some specific

hydroxylysines, and finally the formation of covalent intra/intermolecular cross-links. The

formation of hydroxyproline is important in stabilizing the structure of triple helix by the

formation of extra hydrogen bonds (Miles and Bailey, 2001).  Lysyl residues in the -Y-

position of the Gly-X-Y triplets can be converted to hydroxylysines by lysyl hydroxylases.

Specific  hydroxylysine residues then undergo further post-translational enzymatic

modifications including glycosylation and-oxidation. Both-hydroxyproline and hydroxylysine

are nearly unique to collagen. The ability of collagen to form highly stable supramolecular

assemblies in the ECM is due to the formation of covalent intermolecular cross-links which

involve specific lysine, hydroxylysine and histidine residues.  Side chains of -X-Y- residues

point outward from the helix and are available for lateral interactions between adjacent triple

helices leading to fibril formation and for interactions with other matrix proteins and cells.

Collagen Superfamily (Van Der Rest et al., 1993, Yamauchi, 1995, Bateman et al., 1996)




Collagens can be classified into three major groups (Figure 1.1)
1. Fibril-forming collagens , such as types |, II, 1, V, XI

2. Fibril Associated Collagen with Interrupted Triple Helices (FACIT) , such as types IX,

X, XIV, XIX.

3. Others or non-fibrillar collagen, such as types IV, VI, VII, VIII, X, Xl

COLLAGEN FAMILY

(1~X1X)
Fibyril Forming Fibril-Associated Mon-Fibrl Farming
(1, 1, 1, W, X0y F.ACLT. (W, W0, WL W XL
4 (X, KL X, XXX .
= — Type I -~ W

[Ty 1l learify

é
|

Ty X1

iTyoe | bl

Figure. 1.1 Types of collagens (Reprinted-with permission-from Yamauchi,



Fibril-forming Collagens (Linsenmayer, 1991, Van Der Rest et al., 1993, Yamauchi 1995,

Bateman et al., 1996)

Collagen types |, II, 1ll, V- and Xl belong to the fibril-forming group. Of all these

collagen types, type | collagen is the most abundant and represents the major extracellular

matrix component in most tissues and organs of mammals. Type | collagen, using an

electron microscopy with negative staining, appears as a characteristic banding pattern

along the fibril axis of about 65-67 nm periodicity called the D-period (Figure 1.2). This

striation of the fibril (D period) corresponds to about 1 /4.4 the length of an individual

molecule. The D-period results from the packing of individual collagen molecules, which are

about 300 nm or 4.4 D long, into a staggered overlap arrangement with respect to one

another by the axial repeat distance of 65-67 nm or 1.0 D resulting in a gap of about 0.6 D

between the end of one molecule and the beginning of the next. Such molecular

arrangement creates alternate zones of high and low packing densities as alternate clear

(overlap zone = 0.4 D) and dark (gap or hole zone = 0.6 D) bands, when viewed using an

electron microscopy with negative staining. It should be-noted that the striated patterns of

fibril-forming type of collagen have been found to be slightly different among tissues and

also can be varied depending on sample processing techniques when viewing with electron

microscope. However, studies of x-ray diffraction using tendon, bone, dura mater and

cartilage, where potential sample preparation artefacts are avoided, confirm the presence of

67 nm D-period. In other tissues including skin, periodontal ligament, gingival tissue, heart

valves and granuloma tissue, a shorter D-period of about 65-66 nm has been observed. A



common feature of all these tissues exhibiting a shorter D-period is that they are more elastic
and flexible, and contain a significant amount of type Il collagen suggesting a possible role
of this collagen in regulating the packing arrangement of type | collagen. The packing
difference may also be due to the effect of collagen-binding matrix molecules (e.g. certain
classes of small leucine-rich proteoglycans) that have been shown to regulate the collagen
fibrillogenesis. Evidences have also shown that collagen fibrils are comprised of several
collagen types, heterotypic fibrils, and this copolymerization may play an important role in

regulating fibril architecture.

Fibril
ovnir 108 -
Molecular Packing Eian } ; iy
s " ES ; ;
] 2y 2 1 P
300 nm E

Collagen Molecule ™ m S 1% c

Figure 1.2 Banding pattern of type | collagen

(Reprinted with permission , from Yamauchi , 1995)



Molecular Structure of Type | Collagen

Type | collagen is a heterotrimer comprised of two identical L[ 11 (I) chains and one
QL 2 (1) chain, [OL1 (D], O 2 (1), and is the major fibrillar component of a wide variety of
tissues. Type | collagen can exist as a homotrimer of [QL 1 (I)],, however, the functional
significance of this minor molecular form has not been elucidated. A collagen molecule
consists of three domains which are the short NH,-terminal and COOH-terminal non-triple
helical and the long triple helical domains. The OL chains of the fibrillar collagen are
synthesised as large precursors, pro Ol chains with N- and C- terminal globular extensions
called propeptides. The N-and C-propeptides then are proteolytically removed by enzymes
N- and C-proteinases producing the collagen monomers consisting of the long triple helix
and short non-helical N- and C-telopeptides at the ends of the molecule. The amino acid
sequences of both domains vary between chain types and species. The N- and C-
telopeptidyl lysines are important cross-linking sites for collagen types I, Il and Il suggesting

that the main function of the telopeptides is to stabilize the collagen fibrils.

Fibril-Associated Collagens with Interrupted Triple Helices (FACIT) : Types IX, XII, XIV, XVI

and XIX (Yamauchi, 1995, Bateman et al., 1996)

The Fibril-Associated Collagens with Interrupted Triple helices or FACIT collagens

contain small triple helical domains interrupted by short non-helical domains. They alone do

not form fibrils but interact with the fibrillar groups of collagen, such as types | and Il, and

project their amino-terminal globular domains out into the matrix. For example, type IX



collagen, which is a heterotrimer of OL1(1X) OL2(1X) OL3(IX), locates periodically along the

surface of type Il collagen. Types Xl and XIV, homotrimeric molecules, are present mainly in

tissues that contain type | collagen as a major fibril-forming type, and both types have

recently been identified in developing cartilage. These FACIT collagens may link fibrils

together or modulate interactions between fibrils and other matrix molecules and/or cells.

Other Types of Collagen or Non-Fibrillar Collagens (Van Der Rest et al., 1993, Bateman et al.,

1996)

Types IV, VI, VII, VIIl and X collagens belong to the non-fibril forming group. Type IV
collagen is present exclusively in basement membrane and associated structures as a very
long, 400 nm, and flexible molecule. It exists predominantly as a heterotrimer of [OL1(IV)],
a2(lV), and each molecule consists of a central triple helix containing several short
interruptions to the Gly-X-Y sequence. Individual type 1V collagen molecules assemble to
form a sheet-like network which acts as the basic framework of basement membrane
providing the basement membrane a molecular sieving role and regulating cell migration,
growth and differentiation, in addition to providing a mechanical support for.cells. Type VI
collagen forms an extensive network of microfilaments in'the ECM of all connective tissues.
Type VI collagen has a short triple helical domain and a very large terminal globular domain.
The secreted tetramers aggregate to form filaments. This type of collagen has been
proposed to modulate the organization of the microfilaments and interactions with cells and

other matrix molecules. However, the precise function of type VI collagen has not yet been



determined. Type VIl collagen is the major component of anchoring fibrils. Itis a large

homotrimeric molecule consisting of a small C-terminal globular domain, a central interrupted

triple helical domain and a very large N-terminal globular domain. It is secreted as dimers

which subsequently aggregate to form fibers. Types VIII and X collagens are structurally

related short-chain collagens. Type VIl collagen is the major structural protein of

Descemet’'s membrane, a specialized basement membrane synthesized by corneal

endothelial cells, where it forms hexagonal lattices. However, the packing arrangement of

type VIl collagen in other tissues has not been identified. Type X collagen is a homotrimer of

[QL1(X)], exhibiting a similar hexagonal lattice pattern when forming aggregates in vitro

shown by rotary shadowing. Type X collagen, however, has been localized in fine mat-like

filaments and in association with type Il fibrils in cartilage.

Several types of collagen, such as types X, XV, XVI, XVIII and XIX are unique

collagen chains known only from cDNA and genomic sequencing. Type Xlll is expressed in

a wide range of tissues, however physiologic function and macromolecular structure have

not been elucidated. Types XVIand XIX'show the characteristic of the FACIT group and also

have been found to be associated with major collagen fibrils and modulate matrix

interactions. Types XV and XVIII have been identified recently as two homologous collagens

having multiple triple helical cassettes flanked and separated by non-collagenous

seguences. Type XV mRNA is expressed predominantly in internal organs, such as the

adrenal gland, kidney and pancreas. Type XVIII has highest mRNA levels in liver, kidney

and placenta.



Collagen Characteristics in Other Proteins (Bateman et al., 1996)

The collagen motif is also found in other proteins such as in complement component

C1q, serum mannan binding protein, in integral membrane components of

acetylcholinesterase, the macrophage scavenger receptor, pulmonary surfactant proteins

and conglutinin D. The ability to fold into a triple helix and to form a semi-rigid elongated

structure, the two characteristics of the collagen motif, allows these proteins to promote

subunit oligomerization and to provide a rigid spacing element. In some of these proteins

the collagen motif may play a functional role, such as platelet adhesion or fibronectin

binding, in addition to being a structural element.

Biosynthesis of Type | Collagen (Kivirikko and Myllyla, 1984, Olsen, 1991, Yamauchi, 1995,

Bateman et al., 1996)

The pathway of collagen biosynthesis from gene transcription to secretion and

aggregation of collagen monomers into functional fibrils is complex (Figure 1.3). The

biosynthesis pathway of the fibril-forming-group of collagen, especially type |, has been

extensively studied. = Collagen gene transcription and mRNA processing within the nucleus

follow the general pathway described for other eukaryotic genes. Mature mRNAs are

transported into the cytoplasm where translation occurs. Type | collagen translation

products are initially directed into the endoplasmic reticulum by the N-terminal signal peptide

which subsequently is cleaved from the nascent polypeptide chain by signal peptidase.
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The nascent polypeptides then require a number of co- and post-translational modifications

both intracellularly and extracellularly.

Intracellular Post-translational Modification

Individual procollagen chains require a number of enzyme-catalysed post-

translational modification prior to the completion of chain assembly and the folding of the

triple helix (Yamauchi, 1995). Prolines in the —Y- position of the Gly-X-Y sequence are

hydroxylated by prolyl-4-hydroxylase. Ascorbate, in addition to ferrous ion, O, and CL-

ketoglutarate, is a co-factor for the enzymatic activity of prolyl hydroxylase. Ascorbate in low

concentration is essential for the production of collagen, because a minimum of 35% of the

prolyl residues need to be hydroxylated for the collagen molecule to maintain its triple helical

conformation at the physiologic condition (Davidson et al., 1997). Ascorbate is also a co-

factor for lysyl hydroxylase which hydroxylates lysyl residues into hydroxylysine.

Hydroxylation of specific lysyl residues in the Y position of the Gly-X-Y triplet sequence and

in the telopeptides is crucial for collagen-fibrillogenesis, formation of covalent intermolecular

cross-links, and glycosylation (Bateman et al., 1996, Notbohm et al., 1999). To date, three

isoforms of lysyl hydroxylase (LH) enzymes, LH1, LH2 and LH3, have been identified and

proposed to modify lysyl residues in different domains of the collagen molecule (Uzawa et

al., 1999, Yeowell and Walker, 1999). Hydroxylysines then are further modified by addition

of monomeric sugar, galactose, or dimeric sugar, glucosylgalactose catalysed by enzymes

galactosyltransferase and galactosylhydroxylysyl glucosyltransferase respectively.
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Recently, Heikkinen et al. (2000) demonstrated that lysyl hydroxylase 3 possesses both lysyl

hydroxylase and galactosylhydroxylysyl glucosyltransferase activities indicating that this is a

multifunctional enzyme. The precise functions of glycosylated hydroxylysines are not clear,

but it has been proposed that, due to their bulky structure and hydrophilicity, they regulate

the interactions between collagen molecules thus controlling the molecular packing pattern

of the fibrils, and also regulate the cross-linking pattern/maturation.  Procollagen chains

then align with their C-propeptides in close proximity, the assembly proceeds via the folding

of C-terminal propeptide domains followed by association and alignment of the chains and

finally the formation of interchain disulphide bonds stabilizing the propeptide assembly.

After C-propeptides association a nucleus of triple helix is formed in the C-terminal region,

and rapidly propagates from C- to N-terminus of the protein in a zipper-like manner. It is now

clear that intracellular protein folding, including procollagen association and folding, involves

the interactions with enzymes, polypeptide chain binding proteins and several molecular

chaperones. Once formed, the Procollagen molecules are packed and transformed into

secretory granules and secreted through-the Golgi complex.
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Extracellular Post-translational Modifications

After secretion, N-propeptides are cleaved by procollagen N-proteinase and C-

propeptides by procollagen C-proteinase, the proteins then self-assemble into fibrils via both

hydrophobic and electrostatic interactions between adjacent chains. Subsequently, lysyl

oxidase, which is the only enzyme known to be required for cross-link formation, converts

some lysines and hydroxylysines present in the carboxy- and amino-termini of the molecule

into aldehydes and a series of covalent inter- and intra-molecular cross-links are formed to

further stabilize the collagen fibrils.

Basic Chemistry of Type | Collagen Cross-linking

The enzymatic cross-linking of type | collagen is initiated by aldehyde formation of

the telopeptidyl lysine or hydroxylysine residue through the action of enzyme lysyl oxidase

(Yamauchi and Mechanic, 1988, Bateman et al., 1996). Lysyl oxidase (protein-lysine 6-

oxidase, EC 1.4.3.13), a copper dependent enzyme, is the enzyme which oxidatively

deaminates €-amino groups on these residues (Figure 1.4). Inhibition of this enzyme activity

occured in cases such as during copper deficiency and lathyrism have profound effects on

collagenous tissues leading to the impairment of cross-linking formation and subsequent

tissue fragility and damage (Rucker et al., 1998). After the initial enzymatic step, the

subsequent reactions are spontaneous and the chemistries are controlled by a number of

specific factors (see below).
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Figure 1.4 Formation of aldehyde of specific lysine and hydroxylysine residues by the
action of lysyl oxidase (Yamauchi, 1995).

There are two major pathways of type | collagen cross-linkings, lysyl aldehyde
pathway and hydroxylysyl aldehyde pathway (Yamauchi and Mechanic, 1988, Yamauchi,
1995). There are two routes in lysyl aldehyde pathway, one leads to the formation of the
reducible dehydro-hydroxylysinonorleucine (deH-HLNL) bifunctional cross-link which further
matures into a more stable non-reducible histidino-hydroxylysinonorleucine (HHL) cross-link
predominantly found in skin collagen, another leads to the formation of the reducible deH-
HHMD iminium cross-link via aldol which is predominant in soft connective tissues.
Hydroxylysyl aldehyde pathway, predominant in skeletal tissues such as bone, cartilage,
tendon and dentin, produces the reducible dehydro-dihydroxylysinonorleucine (deH-DHLNL)
bifunctional cross-link which subsequently undergoes Amadori arrangement and forms the

mature non-reducible naturally fluorescent pyridinoline cross-links and, possibly, a pyrrole.
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The pattern of cross-links, their concentration and molecular distribution seem to be

tissue-specific, which can be due to many factors such as tissue turnover rate, degree of

lysyl hydroxylation, degree of hydroxylysyl glycosylation and modality of molecular packing,

all of which are related to tissues’ physiological function (Yamauchi, 1995). Distinctive

differences in the cross-linking chemistry between mineralized and non-mineralized tissues

have been found. Firstly, there is a scarcity of deH-HHMD cross-link in mineralized

connective tissue while it is a major one in soft connective tissues. Secondly, the free

aldehyde derived from the C-telopeptide region is present in the mineralized tissue

collagens, i.e. bone, dentin, mineralizing turkey tendon, (Otsubo et al., 1992, Yamauchi et

al., 1992, Yamauchi et al., 1996, Yamauchi et al., 1997), but it is absent from predentin,

periodontal ligament and non-mineralized part of turkey tendon (Yamauchi et al.,1992,

Yamauchi et al., 1996, Yamauchi et al., 1986a). The free aldehyde has been speculated to

be derived from dissociation of iminium cross-links brought about by mineralization.

However, Knott et al. (1997) proposed that the free aldehydes were resulted from a newly

formed special matrix required for mineralization rather than the result of mineralization.

Although cross-linking occurs extracellularly, itis apparent that the type of cross-link

formed clearly depends on the previous .intracellular post-translational modification of the

collagen molecule, particularly hydroxylation of lysines (Yamauchi, 1995, Bailey et al., 1998,

Wassen et al., 2000). The degree of lysyl hydroxylation both in the telopeptide and helical

domains of the molecule varies greatly between collagen types and tissues. The specific

hydroxylation of lysines governs the type of cross-link formed, and consequently the
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biomechanical properties of the tissue. The hydroxylation of telopeptide lysines lead to the

predominant formation of ketoimine type of cross-links giving the tissue its insolubility and

stability.

Collagen Cross-linking in Mineralized Tissues

Hydroxylysyl aldehyde pathway is the major collagen cross-linking pathway in
mineralized tissues (Yamauchi et al., 1988, Yamauchi, 1995, Bailey et al., 1998). Study in
fetal bovine bone shows that most of 16 * lysyl residues are hydroxylated. Cross-linking is
then initiated with the conversion of these specific telopeptidyl Hyl into hydroxylysyl
aldehydes soon after the molecule is synthesized. These aldehydes are located near the
“gap zones” and react with the juxtaposed Hyl on a neighboring molecule to form the Schiff

ald

base bifunctional cross-link deH-DHLNL. DeH-DHLNL is formed between OL1 16 © Hyl

and Hyl-87 in QL1 or OL2 chain on adjacent molecule. (Figure 1.5 shows an example of the
molecular locations of residues involving in the cross-linking which have been identified.)
The Schiff base then-spontaneously undergoes an Amadori rearrangement to form a
ketoimine HLKNL. The ketoimine is stable to'acid and heat accounting for the insolubility of
bone and cartilage collagens. These compounds can be stabilized by reduction with
borohydride to form DHLNL. Another cross-link, deH-LHNL, may also form involving the
reaction between a Hyla‘d and a helical lysine, which subsequently can undergo an Amadori

rearrangement to form a ketoimine LKNL. This cross-link can be reduced to form LHNL
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which is a structural isomer of HLNL, therefore rarely mentioned in the literatures, and has

been found to always co-elute with the aldimine cross-link upon analysis (see Figure 1.6).

2 lysyl or hydroxylysyl aldehyde

®  hydroxylysine
@  hishdine

Figure 1.5 Example of locations in the molecule of residues involving in the formation of
collagen cross-linking showing Lysa'dand Hylald at positions 9N in QL 1 chains , 5N in QL2
chain and 16C in QL1 chains, and helical Hyl-87, Hyl-930 in OL1 chains and His 92, His-935 in

QL2 cahin (reprinted with permission from Prof.Mitsuo Yamauchi, personal communication).

The Formation of Mature Stable Cross-links in Mineralized Tissues

A more stable trivalent cross-link, pyridinoline, subsequently forms when two deH-

DHLNL cross-links or its keto form (HLKNL) comes into contact to each other. If the reaction

involves two hydroxylysyl aldehydes and one helical hydroxylysine, a pyridinoline (or

hydroxylysylpyridinoline) cross-link would be formed (Yamauchi, 1995, Bailey et al., 1998).

Deoxypyridinoline (d-Pyr), or lysylpyridinoline, is likely formed by the reaction involving two

hydroxylysyl aldehydes and a helical lysine, and this cross-link has been found mainly in
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mineralized tissues (see Figure 1.7). Studies have shown that not all deH-DHLNL cross-links
mature into pyridinolines. The pyridinoline content in bone collagen has been found to be
relatively low, representing about 0.2 - 0.5 residues per collagen molecule (Knott and Bailey,
1998, Bailey et al., 1998), despite the fact that bone collagen is insoluble and more resistant
against acid swelling when compared to other tissue, such as cartilage which has much
higher level of pyridinoline, i.e. 1.2-2.0 residues per collagen molecule. These observations

led investigators to speculate that there must be other mature cross-links in bone collagen.
Due to the stereospecific molecular packing it has been found that Hyl on OL1 chain involves

in reacting with C-telopeptidyl aldehyde more than Hyl on L2 chain, resulting in the ratio of
3.3 : 1 (Yamauchi et al., 1989, Yamauchi and Katz, 1993).

Pyrrole has been identified as another trivalent non-reducible cross-link in several
connective tissues. Scott et al. (1981) first identified a pyrrolic compound in several bovine
connective tissues such as skin, bone, tendon, cartilage and periosteum. The compound
was termed Ehrlich chromogen (EC) since it gave pink color when reacted with Ehrlich’s
reagent. Evidences from several studies later (Henkel et-al., 1987, Kemp and Scott, 1988,
Horgan et al., 1990) showed that EC was a trifunctional cross-link located at the molecular
sites analogous to those of pyridinoline cross-link. Kuypers et al., 1992, proposed that
collagen-associated EC was 1,3,4-trisubstituted pyrrole formed by condensation between a
bifunctional ketoamine cross-link (or a Schiff base deH-DHLNL cross- link) and a Lys e (see
Figure 1.8). Hanson and Eyre (1996) using a bacterial collagenase digest obtained from

demineralized human bone matrix, found that pyrrole was an alternative cross-link at the
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same sites to that of pyridinoline, N-telopeptide to helix and C- telopeptide to helix, but

helix

concentrated at the N-telopeptide domain at the locus of OL1(l) N x oL2(l) NxOL2(I) .
The relevance of pyrrole in mineralized tissues, such as bone and dentin, has been of
interest due to the fact that the contents of the trivalent stable pyridinoline cross-links (about
0.2 - 0.5 mole/mole of collagen) in these tissues are relatively low. Therefore, it has been
speculated that pyrrole might play an important role in providing the proper functional
strength to the tissues (Knott et al., 1995). Isolation and characterization of pyrrole cross-link
has been difficult due to its inherent instability, and the quantity in tissues varies from one
report to another (Kemp and Scott, 1988, Horgan et al., 1990, Risteli et al., 1994, Knott et al.,
1994, Knott et al., 1997).

The result of cross-linking is connection of groups of molecules laterally into a sheet-
like structure giving a three-dimensional template which facilitates the deposition and
packing of mineral crystals resulting in the formation of a strong rigid biomaterial. The
connectivity established has been found to decrease by dissociation of the iminium bond of

deH-DHLNL when collagen is mineralized; which is possibly due to deformation
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Figure1.6 The formations and structures of deH-DHLNL and deH-LHNL, and their keto forms

(Bailey et al., 1998).
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of the fibrils caused by growth of mineral packing. The presence of free aldehydes at
position 16 ¢ has been thought as the result of the dissociation of the bifunctional cross-links
both in bone and dentin (Otsubo et al., 1992, Yamauchi et al., 1992). On the other hand no
free aldehyde was found in predentin collagen which is nonmineralized part of dentin
(Yamauchi et al., 1992). Study in turkey leg tendons has shown that mineralization is initiated
near the N-terminal telopeptides suggesting that they might have a role in regulating
mineralization by providing some conformation that might initiate deposition of mineral

crystals.

Collagen Cross-linking in Non-mineralized Tissues

The Formation of Aldimine Cross-links (Yamauchi and Mechanic, 1988, Yamauchi, 1995,
Bailey et al., 1998)

Collagen of non-mineralized tissues, such as skin, tendon, periodontal ligament and
cornea etc., form major intermolecular cross-links via the lysyl aldehyde pathway. Lysyl
aldehydes formed in the regions of C- and N-telopeptides, OL1- 16C, o1- 9N, o2-5", can
condense with helical hydroxylysyl residues on the neighboring OL1 and OL2 chains to form
a reducible Schiff base, deH-HLNL (see Figure 1.9). DeH-LNL (Figure 1.9) might form by
condensation of Lys “ with helical lysine on a neighboring molecule as a minor species.
Both 01 Hyl-87 and =930 have been found to be involved in the formation of deH-HLNL

and often found to be the major glycosylation sites.
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In soft connective tissues such as skin and cornea with a low level of lysyl

hydroxylation, the aldimine cross-links predominate. These aldimine cross-links are readily

cleaved at acid pH and elevated temperature, responsible for the high solubility of young

collagenous tissues. These Schiff bases can be stabilized by reduction with borohydride to

form HLNL and LNL respectively. DeH-HLNL when comes into contact with the imidazole

C-2 carbon atom of the helical OL2 H-92 will further form a stable non-reducible trivalent

cross-link histidinohydroxylysiononorleucine (HHL, see Figure 1.10) (Yamauchi et al., 1987,

Mechanic et al., 1987). HHL is the major stable cross-link in skin and cornea collagen while

pyridinoline, which is a well-characterized fluorescent compound, presents in various tissues

and is abundant in mineralized tissues but absent from skin collagen. HHL has been found

to be an age-related cross-link because studies show that the content of deH-HLNL

decreases with aging and HHL content shows a continuous increase throughout

chronological aging without diminishing (Yamauchi et al., 1988). lts abundance has also

been found to be related to relative insolubility of skin collagen .
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Aldol-derived Cross-links

Lysyl aldehyde, formed in the telopeptides regions condenses with another lysyl
aldehyde of 0L1- 9" or A12- 5" to form Aldol Condensation Product (ACP) which is an
intramolecular cross-link (Yamauchi and Mechanic , 1988).. ACP then can react with Hyl and
His on the staggered neighboring molecules to form a reducible tetravalent cross-link deH-
HHMD (see Figure 1.11).

Dehydro-Histidinohydroxymerodesmosine (DeH-HHMD)

Tanzer et al. (1973) were the first to isolate and characterize this histidine-containing,

tritium-labeled polyfunctional cross-link from NaB3H4—reduced collagen. They demonstrated
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that histidine, which is sparse presenting less than 1% of total amino acids in collagen and
specifically distributed, participates in the formation of collagen cross-links. Additionally,
they also demonstrated that a large compound capable of cross-linking several polypeptides
are present in type | collagen. They proposed that the formation of the polyfunctional
compound deH-HHMD occurred by Michael addition of the N of histidine to the B carbon of
the QL, B unsaturated aldehyde, and then condensation of the resulting new aldehyde, aldol
histidine, with hydroxylysyl residue to form the iminium compound deH-HHMD. Reduction of
the Schiff base, deH-HHMD, with NaB3H4 results in the formation of secondary amine,
HHMD, which also stabilizes the cross-link. Robins and Bailey (1973 and 1977) claimed that
the polyfunctional cross-links aldol-histidine and deH-HHMD did not exist in vivo, but rather
they were products of base-catalyzed condensations caused by reducing agent anions BH,
and BH,CN', and the resulting compounds were artifacts. Bernstein and Mechanic, 1980,
however, later confirmed the existence of deH-HHMD as a natural cross-link by
demonstrating the reformation of the cross-link using acid-cleaved collagen fibril and that
the reaction was time-dependent and slow, and in concordant with a Michael condensation
which was the reaction proposed by Tanzer et al. (1973). They also speculated, based upon
gathering experimental evidence, that His-89 of the QU1 chain participated in the formation of
deH-HHMD by condensation with juxtaposed C-terminal non-helical aldol to form the Michael
adduct aldehyde, aldol histidine, which would then condense with the €-amino group of Hyl
on a neighboring molecule to form the imminium Michael adduct deH-HHMD. However, the

molecular locus proposed is highly speculative and has never been confirmed. These



preliminary data (Tanzer et al., 1973, Bernstein and Mechanic, 1980) suggested that this
cross-link tied together four polypeptide chains. Two of the polypeptides involved the
telopeptides of an QL1 and possibly an Ol2 chain. The relative involvement of QL2 — 5 §

Lysald and the origins of Hyl and histidine are still unknown.
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Glycosylation of Type | Collagen

Enzymatic glycosylation of hydroxylysyl residues, occurs intracellualrly prior to the

formation of triple helix formation, results in covalent linkage of either galactose or

glucosylgalactose (Yamauchi, 1995, Bateman et al., 1996). It was found that an increase in

the amount of glycosylated hydroxylysine in pro Ol chain decreased the diameter of the

fibrils formed due to the steric hindrance of the packing monomers introduced by the

glycosylated hydroxylysyl residues (Torre-Blanco et al., 1992). Yamauchi et al. (1982)

speculated that glycosylation of specific helical hydroxylysyl residues inhibited their

subsequent involvement in the formation of more complex stable cross-link . It was found

later (Yamauchi et al., 1986a)in the study using periodontal ligament type | collagen fibrils

that this tissue, in contrast to other soft connective tissues, contained relatively abundant

amounts of reducible cross-links such as DHLNL, HLNL and HHMD and only small amount

of mature non-reducible cross-links. This profile may be due to the exceptionally high rate of

collagen turnover in the tissue. Hydroxylysyl residues of the C-terminal cross-links were

found to be completely glycosylated; mostly-glucosylgalactosyl hydroxylysine, which might

sterically hinder the reactive sites, therefore; preventing maturation of cross-links. Henkel et

al. (1976) found that the degree of glycosylation was tissue-dependent and did not depend

on the specific sites in the molecule. Galactosyl hydroxylysyl residues were found to be

abundant in rabbit bone collagen, whereas more glucosylgalactosyl hydroxylysyl residues

were found in skin and only slight glycosylation was found in tendon peptide of rabbit type |



collagen. The functional role of glycosylation of type | collagen, however, has not been

clearly established. lIts location in the molecule would place it in the “hole regions” of the

fibrils suggesting its possible involvement in directing of molecular assembly and

modulating cross-link formation .
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Chapter 2

Statement of the Problem, Specific Aims and Hypothesis

Rationale of the Present Investigation

Collagen is a class of proteins in the extracellular matrix providing the form,

mechanical support and structural organization. The most abundant form of collagen is

type | collagen, which is a product of two single genes, one for OL1(l) chain and one for

OL2(l) chain. However, chemistry of type | collagen varies among tissues due to post-

translational modifications. The structural resilience of fibrillar collagen depends greatly

on the correct molecular registration, which is stabilized by intermolecular cross-linking.

Therefore, when intermolecular cross-linking is impaired, the integrity of the connective

tissues is severely affected. Using cross-linking chemistry at the specific molecular loci,

it has been found that there is more than one modality of molecular packing in the type |

collagen fibrils (Yamauchi et al., 1986, Mechanic et al., 1987, Otsubo et al., 1992,

Yamauchi and Katz, 1993). In order to obtain insights into the tissue specific molecular

packing structure andits function, therefore, it is critical to determine the molecular

distribution, the frequency of its occurrence and microenvironment of the cross-links.

Studies have shown that periodontal ligament collagen and bone collagen share very

similar chemistries regarding cross-linking pattern in the region of C-telopeptides, Hyl

and Lys in the C-terminal telopeptides in both tissues were quantitatively converted to
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aldehydes which then cross-linked to Hyl-87 on both L1 and OL2 chains of neighboring

molecules, and the Ol1 to QL2 cross-linked ratio was approximately 3.3 : 1 indicating
the stereospecificity of the cross-linking reaction.. However, the situation at the N-
termini areas of the molecules were quite different (Yamauchi et al., 1989, Yamauchi et
al., 1986). While the Lysald in the N-telopeptides are fully utilized for deH-HLNL and
possible deH-HHMD in PDL, the cross-linking in this region of bone/dentin collagen is
relatively scarce and the chemistry is apparently different (i.e. deH-HHMD is essentially
absent).  The scarcity of the tetrafunctional cross-link, deH-HHMD at N-terminal
domains of mineralized tissue collagen may favor the accommodation mineral crystal in
the process of mineralization, whereas the more abundant presence of these cross-links
in non-mineralized tissues may provide a more constrained environment, thus not
allowing mineralization to occur. Despite the abundance in the soft connective tissue
collagen, molecular nature, molecular loci and glycosylation, of the deH-HHMD cross-
link has been poorly investigated. The objectives of this study were to elucidate the
molecular distribution of this cross-link-and to characterize its glycosylation state in
order to obtain insights into the tissue specific structure and function of type | collagen

fibrils.
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Specific Aims

1. To isolate the major histidinohydroxymerodesmosine (HHMD) cross-linked peptides

from reduced (never-mineralized) peripheral layer of turkey leg tendon collagen

fibrils

2. To determine the major molecular loci of the cross-link

3. To characterize the state of glycosylation of hydroxylysine that is involved in the

formation of deH-HHMD

Hypothesis

Dehydro-histidinohydroxymerodesmosine (deH-HHMD), a complex tetravalent

intermolecular cross-link found mostly in non-mineralized tissues, is formed by the

interaction between an aldol formed in the amino terminal non-triple helical domains of a

collagen molecule, and histidine and hydroxylysine that are located in the helical

domains of neighboring collagen molecule(s). - The hydroxylysyl residue involved in the

formation of this cross-link is not glycosylated 'sincethe bulky carbohydrate maoiety may

hinder the condensation reaction between an aldol/histidine and hydroxylysine.
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Chapter 3

Experimental Procedures

Preparation of Turkey Tendon Collagen

The peripheral non-mineralized layer of the 32 week old male turkey leg tendon,
obtained from a commercial source (Aries Scientific, Texas), was manually dissected,
cut into small pieces and pulverized into a fine powder in liquid nitrogen using a Spex
Freezer Mill (Spex Industries Inc., U.S.A.). Tissue powder then was washed with cold
phosphate buffered saline (PBS), and lyophilized using Freeze Dry/ Shell FreezeSystem

(Labconco Corporation, Kansas City, MO) and kept at =80 °C until used.

Reduction of Tendon Collagen with Tritiated Sodium Borohydride (NaBBHA)

Lyophilized tendon collagen, about 2 grams dry weight, was suspended in 100
ml. of 0.15 M N-trismethyl-2-aminoethanesulfonic acid (TES) buffer pH 7.5 with a few
drops of antifoam (Antifoam A .Compound, Dow Corning), and reduced with
standardized tritiated sodium borohydride (NaBSH4, Amersham, #TRK 838 ), with 3
intervals ‘of 10, 10 and 30 minutes. The amount of NaBsH4 used was determined based
on the assumption that there are maximum of five reducible groups per collagen
molecule. A total of 50-100 fold molar excess of NaBSH4 was used for reduction. The
pH of the solution was then lowered to 4 by adding several drops of 50% acetic acid to

terminate the reaction. The reduced sample was washed with cold deionized distilled
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water (DDW) thoroughly by repeated high speed centrifugation, and dialysed
exhaustively using a Spectra/por membrane with 6,000-8,000 dalton molecular weight
cut off (Spectrum Medical Industries Inc., U.S.A.), against cold distilled water to remove

excess NaBSHA. The sample was then lyophilized.

Determination of the Specific Activity of NaBSH4

Specific activity of NaBsH4 was determined using demineralized dentin
collagens prepared in our laboratory. The demineralized dentin collagen was reduced
with the NaB?’H4 used for the study, and hydrolyzed with 6 N HCI for 22 hours at 105 °C.
The hydrolysate was then dried using a SpeedVac speed vacuum concentrator (Savant
Instruments Inc.), dissolved in DDW, filtered and applied onto a P2 (P2 Bio-Gel resin,
BioRad) molecular sieve column equilibrated with 0.1 N acetic acid. The eluent was
continuously monitored by absorbance at 230 nm using a photodiode array detector
(HP1100, Hewlett Packard) and the fractions were collected. Radioactivity of each
fraction was counted in order to.identify-and isolate DHENL and HLNL cross-links. It has
been known that DHLNL is the major cross-link found'in dentin collagen (Yamauchi et
al., 1992, Yamauchi, 1995). The fractions containing DHLNL were pooled, dried by the
SpeedVac speed vacuum concentrator and dissolved in DDW. Equal amounts of the
hydrolysate were then applied to the standardized amino acid and cross-link analyzers.

From the former the concentrations of DHLNL was determined as nmole, and the latter
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its count as DPM. The specific activity of NaB3H4 used for this study was found to be

4.64 X 10" DPM/nmole.

Cross-link Analyses

All reducible cross-links were identified and quantified as their reduced forms
(i.e. deH-DHLNL-->DHLNL, deH-HLNL-->HLNL, deH-HHMD-->HHMD). Approximately
2-3 mg of each reduced sample was hydrolyzed with 6 N distilled HCI (Pierce, IL) in
vacuo, after flushing with'N,, for 22 hours at 105 °C. The hydrolysates were dried using
the SpeedVac speed vacuum concentrator, and the residues were dissolved in 500 LU
of DDW and filtered with a 0.22 llm cellulose acetate membrane (Biomar, Marsh
Biomedical Products, Inc.) by centrifugation. An aliquot of the hydrolysate was
subjected to amino acid analysis to determine the amount of hydroxyproline on a Varian
9050 liquid chromatography (Varian Inc., USA) configured as an amino acid analyzer
using ninhydrin for color development. Hydrolysate in amounts containing 300 nmole of
hydroxyproline (i.e. 1 nM of collagen, see below) was then analyzed for cross-links on a
Waters 600E HPLC fitted with an ion-exchange column (AA911, Transgenomic) which is
linked to an on-line fluorescence flow monitor-(Jasco Instrument Co.) to detect non-
reducible fluorescent cross-links (Excitation at 330 nm, Emission at 390 nm), and liquid
scintillation monitor (Flo-one Beta, Radiomatic Instruments and Chemical Co.) using
Ecoscint H liquid scintillant (National Diagnostics, # LS-275) to detect reducible cross-

links. Using this system, non-reducible fluorescent cross-links, pyridinoline and
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deoxypyridinoline, and reducible cross-links, HHMD, HLNL and DHLNL, were analyzed.
All cross-links were identified by their chromatographic elution positions on the analyzer
in comparison with the respective standards, which are extant in this laboratory.
Quantitation of the various reducible cross-links was performed by integrating the
respective areas and converting the numbers into a residues per mole of collagen
basis using the specific activity of NaB3H4 and a hydroxyproline value (i.e. 300 residues
of Hyp per collagen molecule). Likewise the fluorescent cross-links, pyridinoline and
deoxypyridinoline, were also calculated by converting the peak areas into the numbers

(Yamauchi and Katz, 1993) and a Hyp value.

Trypsin Digestion of Tendon Collagen

In order to isolate the cross-linked peptides, the reduced collagen was first
digested with trypsin by the method modified from Kuboki et al. (1981). Typical
cleavage sites of trypsin are the carboxyl side of R and K (Kellner and Houthaeve,1999).
See Figures 3.1 and 3.2 for amino acid-sequences of chicken which have been
assumed to be similar to those of turkey. Approximately one gram of reduced sample
was suspended in 100 ml'of 0.2 M ammonium bicarbonate (NH,HCO,) buffer pH 7.9,
heated to 65°C for about 15 minutes and cooled down to 37°C. The amount of 1% w/w
of L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated trypsin (EC
3.4.21.4, Worthington) was added and the sample solution was left at 37°C with

continuous stirring for 4 hours. Then the sample was reheated to 65°C for 15 minutes,
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cooled to 37°C and the amount of 0.5 % w/w TPCK-treated trypsin was added. The
sample was then left at 37°C for additional another 2 hours with continuous stirring. The
trypsinized sample was dialyzed against cold distilled water using a 1,000 dalton
molecular weight cut off Spectra/por membrane to remove ammonium salt and

uncrosslinked low molecular weight peptides. The tryptic digest was then lyophilized.

[nitial Separation by Molecular Sieve Column Chromatography

The tryptic digest, 25 mg dry weight, was dissolved in 500 I of 0.025 M
ammonium bicarbonate containing 5% isopropanol (IPA), pH 7.0, filtered by
centrifugation using a 5.0 lim Ultrafree-MC Millipore membrane (Millipore Corporation,
U.S.A.), and then subjected to initial separation by a standardized molecular sieve
Superdex 75 (Pharmacia LKB Biotechnology) column (10 mm X 300 mm)
chromatography. The column was equilibrated with 0.025 M ammonium bicarbonate
containing 5% IPA at a flow rate of 0.6 ml/minute at room temperature on an HP 1100
HPLC system (Hewlett Packard, CA) with constant monitoring of absorbance at 230 nm
using a photodiode array detector (Hewlett Packard, CA). The eluent was collected into
2 minutes fractions and an aliquot of each fraction was counted for radioactivity. The
HHMD peptides were identified by their radioactivity, elution positions on the
chromatograph and by cross-link analysis. Fractions containing the HHMD-crosslinked

peptides were pooled and lyophilized.
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Digestion with Bacterial Collagenase

In order to further truncate and purify the cross-linked peptides into smaller
peptides, a bacterial collagenase digestion was performed. The specific cleavage site
of bacterial collagenase is at the carboxyl side of X in the sequence —P-X-G-P- where
often X is found to be hydroxyproline (Peterkofsky, 1982). HHMD-containing peptides
were suspended in 0.1 M calcium chloride (CaCl,), 0.25 M Tris and 0.05% N-
ethylmaleimide (NEM) pH 7.4, and heated to 65 "C for 15 minutes, then cooled down to
37 °C. A purified CLSPA class of bacterial collagenase (EC 3.4.24.3, Worthington) with
the amount of 1/20 w/w was added, and samples were incubated at 37°C overnight

with continuous stirring (Hanson and Eyre, 1996). The digest was then lyophilized.

Further Purification Using Series of HPLC/FPLC

The truncated HHMD peptides were subjected to further purification using a

series of HPLC/FPLC by a C4 (Vydac, USA) reversed phase column using a gradient of

0-40 % acetonitrile in 0.1 % trifluoroacetic acid (TFA) with a flow rate of 1.2 ml/minute

(Stone and Williams, 1996), a standardized Superdex 75 molecular sieve column

chromatography using 0.025 M ammonium bicarbonate containing 5 % IPA with the flow

rate of 0.4 ml/minute (a slower flow rate was used in order to improve the separation).

The presence of HHMD-crosslinked peptides was confirmed by radioactivity and cross-

link analyses. A C18 reversed phase column (ResElut, Varian Inc., USA)

chromatography using a gradient of 0-40 % acetonitrile in 0.1% TFA was used prior to
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analytical procedures (e.g. Mass spectrometry, N-terminal sequence analysis) when

necessary, in order to remove small molecular weight contaminants and improve purity

of the fractions.

Amino Acid Sequence Analyses

The purified cross-linked peptides were subjected to N-terminal amino acid
sequence analyses. Preliminary data obtained from this laboratory indicated that the
two lysyl aldehydes involved in the formation of deH-HHMD were mainly located at the
N-telopeptides, OL1-9 "and possibly OL2-5 . If this is the case, two aldehyde-
containing peptides are N-terminally blocked by pyroglutamate, therefore, the helical
portions of the other 2 peptide chains were sequenced first by Edman degradation to
determine the locations of Hyl and His using a Procise Protein Sequencer (Perkin-Elmer

Corporation).

Mass Spectrometry Analyses

The molecular weights of the HHMD-containing peptides were determined by

Matrix-assisted Laser Desorption/lonization Mass Spectrometry (MALDI-MS) in

collaboration with Dr.Kenneth Tomer (leader, Mass Spectrometer Unit, NIEHS). The

lyophilized cross-linked peptide was rechromatographed using a 5 micron C4 column

(Vydac), 4.6 x 250 mm., with a gradient of 10 - 60 % acetonitrile in water over 70

minutes then to 90% for 10 minutes on an HP1100 HPLC system. Fractions were
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collected over 1 minute interval, and MALDI/TOF (Time-of-Flight) mass spectra were

obtained for each fraction on a PE Biosystems Voyager DE STR MALDI /TOF mass

spectrometer (Framingham, MA) equipped with a nitrogen laser. The instrument was

operated in the linear mode at an accelerating voltage of 20 kV. Internal calibration was

performed by external standards in adjacent to sample spots. The matrix was Ol-cyano-

4-hydroxycinnamic acid. Electrospray lonization (ESI) mass spectra and Tandem Mass

Spectrometry (MS/MS) spectra were obtained on a hybrid quadrupole-time-of-flight

tandem mass spectrometer (QTof, Micromass, Altrincham, UK) using a nanoflow ESI

source with pressurized flow injection (Borchers et al., 1999).

Chymotrypsin Digestion

In order to determine the involvement of the QL1 and OL2 chain N-terminal

telopeptides and to further characterize the peptide structure, a chymotrypsin digestion

was performed. The typical cleavage sites of chymotrypsin are at the carboxyl side of

hydrophobic residues, such as'Y and F(Kellner and Houthaeve, 1999) which have been

shown to be present in the N-telopeptide domains of both OL1 and QL2 chains (see

Figures 3.1 and 3.2). Lyophilized collagenase digest of HHMD-containing peptides

were suspended in 0.1 M ammonium bicarbonate. Chymotrypsin (EC 3.4.21.1,

Worthington), 5% w/w, was added and left at room temperature with continuous stirring

for 6 hours. The digested samples were then lyophilized and applied to the
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standardized Superdex 75 molecular sieve column using the condition described

earlier.

Deblocking of N-terminal Amino Acids Using Pyroglutamate Aminopeptidase (Walker

and Sweeney, 1996, The Perkin-Elmer Corporation, 1995, Tsunasawa et al., 1998)
N-terminal amino acid deblocking was performed by treatment with a Pfu
pyroglutamate aminopeptidase (Takara Biomedicals, Japan) in order to elucidate the
involvement of N-telopeptide amino acid residues in the formation of the cross-link. The
lyophilized samples were dissolved in a deblocking buffer, 250 mM sodium phosphate
pH 7.0 containing 50 mM dithiothreitol (DTT), and 5 mM ethylenediamine tetra-acetic
acid (EDTA), with the concentration of 1 mg/ml. Pyroglutamate aminopeptidase was
added with the substrate : enzyme ratio of 25 : 1, after flushing with nitrogen stream for
several minutes, the samples were incubated, in a screw-capped vial, at 70 °C for 4
hours. The digested samples were diluted 5 times with DDW and lyophilized. The
lyophilized peptides were then subjected to the Superdex 75 molecular sieve column
chromatography to remove the enzyme and salt. An additional amino acid sequencing

was then'performed.

Cyanogen Bromide Cleavage (Yamauchi and Katz, 1993)

Cyanogen bromide cleavage was performed in order to determine the locations

of Hyl and His involved in the formation of the HHMD cross-link. Cyanogen bromide
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cleaves the carboxyl side of methionine, and it has been used extensively in the studies

of collagen chemistry. Lyophilized collagenase digest of the HHMD-containing peptide

was suspended in 0.2 M ammonium bicarbonate at the concentration of 0.5 mg/ml. The

sample was then reduced, to convert methionine sulfoxide to methionine, using 5% of

2-mercaptoethanol for 24 hours at room temperature, after flushing with nitrogen, with

continuous stirring in a light-protected screw capped vial. The sample then was diluted

with 5 volumes of DDW and lyophilized. The lyophilized sample then was dissolved in

fresh 70% formic acid and flushed with nitrogen. Equal weight of cyanogen bromide

white crystal (Sigma, USA) was added, flushed with nitrogen stream again for several

minutes, screw-cap sealed and left in darkness for 4 hours at room temperature with

continuous stirring (Epstein et al., 1971, Yamauchi et al., 1986b). The digested sample

then was diluted with 10 volumes of DDW, lyophilized, and subjected to the Superdex

75 molecular sieve column chromatography using the same conditions described

above. The HHMD-containing fractions were determined by their radioactivity, pooled,

lyophilized and further purified by the C4 reversed phase column chromatography using

the condition as described above.

Alkali Hydrolysis to Determine the Involvement of Glycosylation in the Formation of the

HHMD Cross-link

The involvement of glycosylation of hydroxylysyl residues in the formation of

deH-HHMD was determined by 3 methods.
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1. Acid/alkali hydrolysis to determine the glycosylation state by HPLC - The isolated
HHMD cross-linked peptides (collagenase digest of the tryptic peptide) were subjected
to both acid and alkali hydrolyses (Yamauchi et al.,1982, Henkel et al., 1976). For alkali
hydrolysis, the peptide was hydrolyzed using 2 N sodium hydroxide at 105 °C in vacuo
for 22 hours after flushing with nitrogen, neutralized with 2 N hydrochloric acid and
filtered. Acid hydrolysis was performed as described above. Equal amounts of both
alkali and acid hydrolysates were subjected to cross-link analyses to determine the
glycosylated forms of the cross-link. Both acid and alkali hydrolysates, with equal
amounts, were also subjected to the amino acid analyses using ninhydrin color
development to determine the di-, mono- and non-glycosylated forms of HHMD cross-
links.

2. To determine the cross-link structure and its glycosylation by mass spectrometry -

In order to further confirm the structure of HHMD cross-link and its glycosyaltion state by
mass spectrometric analysis, both acid and alkali hydrolysates were then subjected to
the P 2 molecular sieve column chromatography equilibrated with 0.1 N acetic acid and
the HHMD cross-link was isolated. The isolated cross-link was applied to the C18
reversed phase column (ResElut, Varian Inc.) using a gradient of 0-40 % acetonitrile in
0.1 % TFA to be further purified and to remove any possible contaminants. The purified
cross-link was then subjected to ESI and MS/MS mass spectrometry to confirm the

structure of the cross-link.
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3. Mass analysis of the HHMD peptide before and after enzymatic deglycosylation - The
purified HHMD cross-linked peptide was treated with alpha-glycosidase (Roche
Molecular Biochemicals) and subjected to mass spectrometry (MALDI-MS) analysis to

determine the involvement of glycosylation.
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P02457

COLLAGEN ALPHA 1(l) CHAIN
PRECURSOR
LOCUS CA11_CHICK 1453 aa VRT 15-JUL-1999
DEFINITION COLLAGEN ALPHA 1(I) CHAIN PRECURSOR.
ACCESSION P02457
DBSOURCE swissprot: locus CA11_CHICK, accession P02457;
class: standard.
created: Jul 21, 1986.
sequence updated: Oct 1, 1989.
KEYWORDS Extracellular matrix; Connective tissue; Repeat; Hydroxylation;
Glycoprotein; Collagen; Signal.
SOURCE chicken.
ORGANISM Gallus gallus
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Archosauria;

Aves; Neognathae; Galliformes; Phasianidae; Phasianinae; Gallus.

"Mgmsygyde®"ksagvavp'gpmopagprolpoppgapgpgofgop pge pgepgasg pmopropagppg
kngddgeagkpgrpogroppgpogarglpgtaglpgm™ kghrofsgldgak gg popag pkoe pogs poenga
pogmgprglpgergrpgpsgpagargndgapgaanppoptopagppofpgaagakaetgpggarseapogs
rgepgppgpagaagpagnpoadggpgakgatya pgiagapgfpgarg psgpggpsgapg pkgnsgepga
ponkgdtgakgepgpagyggppgpageegkroarge popaglpg pagergapgsrofpgadgiagpkgpp g
ergspgavgpkospoeagrpoeagipoakoltgspgspopdoktioppgpaggdgrpgpagppoarggagym
ofpgpkgaagepokpgergapgppogavgaagkdgeagaggppgptgpagergeqgpagapofqglpopag
ppgeagkpgeqgypgnagapgpa gargergfpgergy goppgpggprgangapgndgakgdagapgapg
negppolegmpoergaaglpgakgdrodpgpkgadgapgkdglrgltgpioppgpagapgdkgeagppops
gptgargapgdrgepoppopagfagppoadagpoakoetgdagakgdagppopagptgapopagzy gap g
pkoargsagppgatafpoaagryappapsoniglpoppopagkz gskgproetgpagrpgepopagppo PR g
ekgspoadgpigapotpgpogiaggrgyy glpgorgergfpglpops gepokggps gasgergppgpmoppg
lagppoeagregapgaegapordgaagpkodraetygpanp pgapgapoap gpvgpagkngdrgetgpagp
agppopagargpagpggprodkgetgeqgdr®gm®™ kghrofsolggppoppgapge gopsgasgpagpr
gpposagaagkdginglpopigppoprortgevopvoppoppoppgppopp “sggfdfsfipgppege *“kahd
qyryy

Figure 3.1 Amino acid sequence of chicken type | collagen O 1 chain modified from Pubmed database, swissprot
accession number P02457. Bold letters at the beginning and the end of the sequence represent the amino acid

residues in the N- and C-telopeptide regions respectively.
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P02467
COLLAGEN ALPHA 2(I) CHAIN
PRECURSOR
LOCUS  CA21_CHICK 1362aa  VRT 15-JUL-1999
DEFINITION COLLAGEN ALPHA 2(l) CHAIN PRECURSOR.
ACCESSION P02467
VERSION P02467 GI:5921192
DBSOURCE swissprot: locus CA21_CHICK, accession P02467;
class: standard.
extra accessions:Q90795,Q90797,P87492,Q90758,092014,P87491,Q90792,
created: Jul 21, 1986.
sequence updated: Dec 15, 1998.
annotation updated: Jul 15, 1999.
KEYWORDS Extracellular matrix; Connective tissue; Repeat; Hydroxylation;
Glycoprotein; Collagen; Signal.
SOURCE chicken.
ORGANISM Gallus gallus
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Archosauria;

Aves; Neognathae; Galliformes; Phasianidae; Phasianinae; Gallus.

Maydps®kaadfgp' gpmolmoprgppoasoproppafqoY poepgepogtg P oprap popp gkaged
ghpokporpgergy goargfpotpopp of kairg™hnaldgltgg pgapotkgep gapogengtpggpoaralp
gergrigapgpagargsdogsagptgpax s i EE iR geigpagneg ptogpagprogeiglpgss gpy
gpponpoanglpgakgaaglpgvagapolpgproipgpgpagpsgarglvgepgpagakgesgnkge poas
gppoppopsgesegkrgsnoepgsagppdpaclrge pasralp gadgravmgpa gnrgasgpygakopnod
agrpgepdlmgpris iy arzragfpoadogrrgpigpagnrgepogniaf po pkptogepokpgekan
vglagproapgpegnngagoppovtogngoakaetgpagppofgolpgpsapageagkp geralhgefgy gpa
gproerglpgesgavgpagpigsropsgppopdonkagepanvapagapgpagpogipgergvagypgokoge
kgapolrgdigatgrdgarglp gaigapgpaggagdrgeggpagpagpagargipgergep gpygpsofagpp
gaaggpoakgergpkopkgetgptgaigpigas gp pgpy gaagpagproadag ppogmtgfpgaagrygppop
agitgppoppgpagkdgprolrgdvgpygeqoiagppgfagekgpsgeagaagpp gtp gp agilgap gilglpg
srgerglpoiagatgepgplgvsgppoargpsgpyvgspopgapgeagrdonpondgpp agrdga pgflegergap
onpopsgalgap gphggy gpsgkpgnrgd po py opy gpagafgprglagpgoproekgepy dkghrg 1p™°
ol kg hnolgolpglasghgd g pponngpagprop po psg pp gkd grmglpe pig pagyrogsh gsgop

AgPPOPPOPPY PP Y

Figure 3.2 Amino acid sequence of chicken type | collagen Ol 2 chain modified from Pubmed database, swissprot
accession number P02467. Bold letters at the beginning of the sequence represent the amino acid residues in the N-

telopeptide region.



Chapter 4

Results

Cross-link Profiles of the Turkey Tendon Collagen

Figures 4.1 and 4.2 show the typical collagen cross-link profiles of the reduced

never-mineralized peripheral layer and the reduced inner mineralized portion of turkey

leg tendon, respectively. Figures 4.1 A and B are the chromatographic patterns of

radioactivity showing reducible cross-links, and fluorescence detecting non-reducible

cross-link, pyridinoline, respectively, of the never-mineralized peripheral layer. Figures

4.2 A and B are the chromatographic patterns of radioactivity showing raducible cross-

links, and fluorescence detecting non-reducible cross-links, pyridinoline and

deoxypyridinoline, respectively, of the mineralized portion. The cross-link pattern of

these two portions of the same tendon was distinct from each other. In the peripheral

never-mineralized layer, the HHMD was the major cross-link, and DHLNL and HLNL

minor. Significant amount of pyridinoline was identified in this portion of tendon but its

lysyl analog, deoxypyridinoline; was neglegible. In the mineralized portion, however,

HHMD was minimal while DHLNL and HLNL represented the major cross-link species.

Significant amount of deoxypyridinoline was also found in this portion.

The following is a summary of the quantitative cross-link analyses of these two

portions of tendon expressed as mole/mole of collagen.
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DHLNL HLNL HHMD Pyr d-Pyr
Never-mineralized 0.30 0.18 1.05 0.4 -
Mineralized 0.49 0.36 0.13 0.24 0.1

Thus, the peripheral layer of the tendon was prepared for this study.

Isolation and Purification of HHMD Cross-linked Peptide by Enzymatic Digestions and A

Series of Column Chromatography

Reduced peripheral non-mineralized layer of turkey leg tendon collagen fibrils

were trypsin digested and subjected to initial separation using the standardized

Superdex 75 molecular sieve column equilibrated with 0.025 M ammonium bicarbonate

containing 5 % IPA, and absorbance at 230 nm was monitored simultaneously. Figure

4.3 shows the chromatographic profile of a tryptic digest of turkey tendon collagen

fractionated by the standardized molecular sieve column. All peptide fractions were

determined for radioactivity, and five major radioactive peptide peaks were identified,

denoted as peaks |-V respectively. Radioactive fractions of each peak were collected,

lyophilized, and redissolved in deionized distilled water.” An aliquot from each peak,

with equal amount, was then subjected to acid hydrolysis and cross-link analysis to

determine the cross-link profile of each peak. Figures 4.4 A to E show the cross-link

profiles of peaks | to V, respectively. Peak | (Figure 4.4A) showed no collagen cross-

links. The radioactivity of this peak is, therefore, most likely not associated with collagen

cross-links. The radioactive peaks IlI-V, from Figure 4.3, were found to contain various



50

amounts of HHMD cross-links. Peak Il (from Figure 4.3), shown as a small peak

between peaks | and Ill, was found to contain HHMD-crosslinked peptide with the

slightest contamination of other cross-links, as shown in Figure 4.4 B, the ratio of HHMD

: pyridinoline was 10 : 1. Peak lll, Figure 4.4 C, contained large amount of HHMD but

also contained significant amount of pyridinoline cross-link with the ratio of HHMD :

pyridinoline of 3 : 1. Although peaks IV and V also contained significant amounts of

HHMD, the majority of DHLNL and HLNL, and some pyridinoline cross-links were

recovered in these fractions (Figures 4.4 D and E). Therefore, for the present study,

only peaks Il and Il were chosen for further characterization of HHMD cross-linked

peptides. Peaks Il and Il were subjected to further purification by bacterial

collagenase digestion followed by a series of HPLC/FPLC.  The bacterial collagenase

digests of peaks Il and Il were subjected to the standardized Superdex 75 molecular

sieve column with simultaneous monitoring of absorbance at 230 nm. An aliquot of

each fraction was counted for radioactivity and the count was plotted on the graph. Two

major radioactive peaks were identified-from the digest-of peak Il, denoted as peaks lla

and llb, as shown'in Figure 4.5." Each radioactive peak was subjected to cross-link

analysis, and it was found that peak Ila was the major HHMD-containing peptide with a

negligible amount of pyridinoline, shown in Figure 4.5. Most of the pyridinoline in peak

II, on the other hand, was recovered in peak IIb. Relatively small amount of HHMD-

peptide found in peak llb might be a portion of the major HHMD peptides in peak Il

since the collagenase-digested HHMD peptides in peak Il eluted at the same position
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as peak llb (see Figures 4.5 and 4.7) on the same chromatography. Two major

radioactive peaks were also identified from the collagenase digest of peak Ill, denoted

as peaks llla and llib, as shown in Figure 4.7. Each radioactive peak was subjected to

cross-link analysis, and it was found that peak llla was the major HHMD-containing

peptide, although some pyridinoline-peptides were also persent as shown in Figure 4.8.

The ratio of HHMD to pyridinoline was about 3:1 at this stage. Other reducible cross-

links, DHLNL and HLNL, were present in peak Illb indicating that these cross-linked

peptides were separated from the HHMD peptides by this purification step.

Confirmation of the HHMD structure by Mass Spectrometric Analysis

In order to confirm the structure and molecular mass of the HHMD cross-link

itself, the HHMD peptide was subjected to acid hydrolysis, and the hydrolysate applied

onto the P2 molecular sieve column chromatography to isolate the HHMD cross-link.

The HHMD cross-link, obtained from the P2 molecular sieve column chromatography,

was subjected to a C18 reversed phase column (Res Elut, Varian) using a gradient of O-

40% acetonitrile in 0.1 % TFA, the pure HHMD fractions were obtained and subjected to

ESI and MS/MS mass spectrometry. Figure 4.9 shows the ESI'MS (A) and MS/MS (B)

mass spectra of the cross-link which shows a protonated molecular ion of mass 574.3

daltons corresponding to the mass and the structure, a tetravalent cross-link, of the

reduced deH-HHMD proposed by Tanzer et al. in 1973 (see figure 1.11). The color

factor of HHMD cross-link was determined by subjecting equal amounts of the acid
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hydrolysate to the cross-link and amino acid analyses. The color factor of HHMD was

found to be about 2.5 times of leucine.

Characterization and Determination of the Molecular Loci of the HHMD cross-linked

Peptide

Pooled fractions of peaks lla and Illa were lyophilized and subjected to further

purification by a C4 reversed phase column using a gradient of 0-40% acetonitrile in 0.1

% TFA. The major HHMD peptides were then rechromatographed using the same

condition. The cross-link profiles of the radioactive peak collected from this HPLC

showed only HHMD cross-link. The pure peptides were rechromatographed on the

Superdex 75 molecular sieve column chromatography in order to evaluate the elution

positions and patterns using absorbance at 230 nm and radioactivity of the respective

HHMD peptides before subjecting to further characterizations. Figures 4.10 A and B

show the final chromatographic patterns of peaks lla and Illa on the Superdex 75

molecular sieve column, respectively. The pattern demonstrated that each absorbance

peak corresponded well with that of radioactivity, and that the maolecular size of peak lla

is slightly-larger than that of peak llla.The purified fractions were then subjected to mass

spectrometry analyses using a MALDI-TOF mass spectrometry and amino acid

seqguence analyses.
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Table 1 shows the results of amino acid sequence analysis of peak lla

(collagenase digest of peak Il) and its chymotryptic digest. The sequence data of the

former (collagenase digest) showed a single amino acid (G) in the first cycle but two

amino acids in the second cycle (M and L). In the third cycle, a peak of Hyl was

identified and a single G in the fourth cycle, then H, R, G, F, S and G in the following

cycles with relatively low quantities when compared with those of the first 4 cycles. The

results are consistent with the sequences of an QL1 (G 928-G 937) and an 02 (G 931-G

934). The third and fifth amino acids of both Ol1 (G 928-->G 937) and L2 (G 931-->G

934) peptides are Hyl and H. The small peak area of Hyl in the third sequence and the

significantly low yield of H in the fifth cycle indicate that one residue of Hyl in the third

cycle and one H in the fifth cycle are utilized for the HHMD cross-link.

In order to determine the origins of Hyl and H the peptide was treated with CNBr

(M is present at 929 of an QL1 peptide and at 2N of an L1 N-telopeptide). After the

cleavage, the peptide was subjected to amino-terminal sequence analysis. Table 2

summarizes the results. The first cycle of QL1 helical sequence was blank indicating the

cross-linking site which was QL1 Hyl 930, showing that the cleavage by cyanogen

bromide occurred between M 929-and Hyl'930. In the third cycle, Hyl and H were

identified. This is possible, only when Hyl 930 on an OL1-derived peptide and H 935 on

an OL2 are not available for the sequence (likely by being involved in the HHMD cross-

link), but H 932 and Hyl 933 on an QL1 and OL2, respectively, are. The sequence of OL1
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helical -G 934-F 935-S 936-G 937- found indicates that trypsin was unable to cleave

the R 933-G 934 bond, which most likely is due to its proximity to the complex HHMD

cross-link structure, as found in a previous study (Mechanic et al., 1987). A small

amount of QL1 N telopeptide sequence starting from OL1-G 5N was also observed in the

collagenase as well as CNBr peptides (data not shown) which is due to the chymotrypic

activity present in the trypsin used. The sequence data from chymotryptic peptide (the

right section of Table 1) show similar sequences indicating the involvement of QL1 and

QL2 helical residues and QL1 N telopeptide in the formation of the HHMD cross-link at

this location. The small amount of Hyl and H found in cycles 3 and 5 indicated the

possible cross-linking sites. Chymotrypsin digestion was performed in order to

determine whether or not N-telopeptides were involved in the formation of the HHMD

cross-link based on the knowledge that there are two tyrosine residues at the QL1 N-

telopeptide, OL1-Y 4N and -Y 6N, and one at the OL2 N-telopeptide, OL2-Y 2N (amino

acid sequence numbering based on Swissprot accession P02457 , locus CA11_CHICK,

and Swissprot accession P02467 , locus CA21_CHICK, see figures 3.1 and 3.2). It was

found that chymotrypsin cleaved between OL1-Y 4N and-OL1-G 5N but not between Y 6N

and D 7N, therefore, at this point it was still not known whether or not OL.2 N-telopeptide

involved in the formation of the cross-link. The sequencing of the OL2-derived peptide

did not go beyond H 935. This is most likely due to the cyclization of Asn-Gly bond that

is known to block the Edman degradation (Bornstein and Balian, 1977, Rexrodt et al.,
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1975). In order to clearly determine the involvement of N-telopeptides, especially OL2N-
telopeptide, in the formation of the HHMD coss-link, peak lla was subjected to N-
terminal amino acid deblocking using pyroglutamate aminopeptidase. Table 3 shows
the amino acid sequence data of the pyroglutamate aminopeptidase treated of peak lla.
Both OL1 and OL2 N-telopeptide residues were found with the amount of L1 N
telopeptide residues higher than those of OL2 N.  The amount of the amino acid
residues, shown in picomoles, of the helical residues indicated the ratio of OL1 helical
residues : OL2 helical residues was approximately 1 : 1. The lower yields of amino acid

residues of QL2 N-telopeptide found suggesting another species of HHMD cross-linked
peptide .

The MALDI mass spectra obtained from purified peak lla (collagenase digest)
contained an abundant ion of mass 8,778, shown in Figure 4.11.  Treatment of this
peptide with alpha-glycoesidase (Roche Molecular Biochemicals) did not result in any
changes in the MALDI spectra, indicating that no glycosylation was involved in this
peptide. The ESI/MS spectrum of this peptide was obtained-and deconvoluted using
MaxEnt software. A series of ions separated by 22 Dalten, sodium (Na), was observed
with the highest molecular-ion species corresponding to the M+2Na ion of the 8,778

species observed in the MALDI mass spectrum.  This mass is about 0.3 % different

from the mass calculated from the proposed structure of the cross-linked peptide, OL1

helix

(IN- 9™™) X o1 (1N-9 ™) X ou1 (928 ™™ 932 ™™ X 012 (931 "™ 963 "™™). Figure
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4.12 shows the MALDI/MS of a chymotryptic digestion of the HPLC purified peptide for 6
hours at 35 °C identifying ion of m/z 7,774, loss of 1,004 which may correspond to
cleavage of the QL1 N telopeptide chain between Y 4N and G 5N plus loss of one
oxygen (possibly from oxidized methionine-2N).

Table 4 shows the results of the N-terminal amino acid sequence data, amounts
shown in picomoles in parentheses, of peak llla (purified collagenase digest of peak llI,
see figure 4.7), and chymotryptic digest of llla. The data showed the residues of helical
Ol1 starting with G-928 and helical OL2 starting with G-931, and also the residues of
OL1 N-telopepide starting with G-5N (chymotryptic activity of typsin used), which are
similar to what were found from peak lla.  The cleavage between OL1 R933-G934 was
complete since no G934-F-S-G- was observed from the sequence analysis. The action
of chymotrypsin shows the involvement of QL1 N-telopeptide domain in the formation of
the cross-link. However, due to the the reason mentioned earlier, it could not be
determined at this point the involvement of OL2 N-telopeptide residues, therefore
deblocking of the N-terminal amino acids was performed.. -Table 5-shows the amino
acid residues found after digestion with pyroglutamate aminopeptidase of peak Illa.
The sequence data of the pyroglutamate aminopeptidase treated of peak Illa showed
the sequence of OL1 N and QL2 N-telopeptide residues along with OL1 and OL2 helical
sequence and the sequence resulting from chymotryptic action of trypsin on L1 N

telopeptide. The amount of OL1 N telopeptide amino acid residues including the peptide



57

derived from chymotryptic activity of the enzyme was higher than those of OL2 N

telopeptide suggesting the presence of mixed population of peptides derived from QL1

N X O Nand OL1 N XOL2 N. Mass spectrometric analysis of this peptide was

performed using MALDI/MS. The MALDI mass spectra of HPLC purified peak Illa

contained abundant ions of masses 3,669 and 4,604 (Figure 4.13). The spectra of

other fractions showed other molecular ions and/or a broad non-resolved hump

indicating the heterogeneity of this peak. The mass of 3,669 suggested the peptide

helix helix

-933 .

helix helix

structure of OL1 5N —16N X L2 1N- 10N X OL1 928 ~ 933 "~ X Ol1 928

The mass of 4,604 suggested the peptide structure of 001 (1N-14N ) X 02 (1N X 12N) X

OL1 (928-933) X OL2 (931-942), which might be the truncated version of one of the

structures identified in peak lla.

Based on the information of amino acid sequence and mass analyses gathered

from the present study, three possible molecular locations of HHMD cross-link were

proposed as shown in figure 4.14. We proposed the peptide structure in A as a species

of HHMD at the location.of peak lla based on the.amino-acid-sequence and mass data

(mass of 8,778). The relatively high yield-of L1N sequence compared to OL2N

indicated the presence of OL1N X OL1N at this location. The peptide structure in B was

proposed to be at the locations of both peaks Ila and llla, possibly the major species

which is derived from N-telopeptide, based on the amino acid sequence and mass data

(mass of 4,604 from peak llla). The structure in C was proposed to be a possibility of
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another species of HHMD found at the location of peak Illa. All sequence data indicate

the presence of structures B and A, except the lack of the involvement of OL2 helical

sequence indicated by mass data, 3,669 dalton, suggested the presence of C.

Determination of the State of Glycosylation of Hydroxylysines Involving in the Formation

of HHMD Cross-linked Peptide

The purified HHMD cross-linked peptides of peaks lla and llla were subjected

to both alkali and acid hydrolyses to determine the state of glycosylation of

hydroxylysine residues involving the formation of the cross-link. The elution position and

quantity of the HHMD cross-link of both acid and alkali hydrolysates were identical on

the cross-link analyzer indicating that there was no glycosylation involved in the

formation of these cross-linked peptides.  An aliquot with equal amounts of both alkali

and acid hydrolysates was also subjected to the amino acid analyses. The elution

positions and amounts of Hyl residues obtained from the amino acid analyses of both

hydrolysates were unchanged, suggesting that both the OL1 Hyl930 and OL2 Hyl933

were not glycosyalted. Both of the hydrolysates were subjected to the P2 molecular

sieve column chromatography equilibrated with 0.1 N acetic acid to separate the HHMD

cross-link from other amino acids and cross-links. An aliquot of the HHMD-containing

radioactive peak was then lyophilized and subjected to the amino acid analyses.

Again, it was found that the elution positions and quantities of the HHMD prepared from

both hydrolysates were identical, as shown in Figure 4.15, confirming the purity of the
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crosslink. This purified cross-link was subjected to mass spectrometric analysis to

determine the structure as described earlier in this chapter. Treatment of the cross-

linked peptide with alpha-glycosidase did not give any change in the mass spectra, as

mentioned earlier in this chapter, and The mass spectra obtained was similar to spectra

shown in Figure 4.11 indicating that there was no glycosylation involved in the formation

of the cross-link.
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Figure 4.1 The cross-link profiles of reduced never-mineralized peripheral layer of turkey
tendon acid hydrolysates. A) shows the reducible cross-link profile of never-mineralized
layer indicating HHMD as a major cross-link whereas B) shows the pyridinoline profile

obtained from the same analysis as in A.



o,
5 -
d L
e 3
= 99 DHLNL
=
= 2
=
=]
14
0 . .
0 10 20 30 40 50 60 70 80
elution time {(minute)
B 5 .

Fluorescence
(Ex 330, Em 390 nm) X 10°

a0

elution time [minute])

Figure 4.2 The cross-link profiles of reduced mineralized layer of turkey tendon acid
hydrolysates. A) shows the reducible cross-link profile of the mineralized layer of the
tendon indicating that DHLNL and HLNL are the major populations whereas in B) both

pyridinoline and deoxy-pyridinoline are identified.

61



62

. - 2500
£ 14
% 12 4 -~ 2000
5 14 - 1500 =
o 0.8 1 O
5 0.64 - 1000 I
0
ﬁ C.4 - - 500
g 0.2 4

D Au T " ™ "D

0 10 20 30 40 8 60 70 80

fraction number

Figure 4.3 Chromatographic profile of the tryptic peptide of peripheral non-mineralized
layer of turkey tendon collagen fractionated by a standardized molecular sieve, 10 mm
X 300 mm, column chromatography using 0.025 M ammonium bicarbonate containing
5% IPA with a flow rate of 0.6 ml/minute, with continuous monitoring of absorbance at
230 nm. An aliquot from each fraction was determined for radioactivity. Five major
radioactive peaks were identified, denoted as peaks |-V. Each peak was collected and

subjected to further characterization.
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Figure 4.4 A-E show the cross-link profiles of peaks | - V. (from Figure 4.3) respectively.

Radioactive fractions across each peptide peak-on-the Superdex 75 chromatograph

were pooled and lyophilized, and an aliquot from each peak was subjected to acid

hydrolyses. The hydrolysates were dried and dissolved in DDW, and an aliquot was

then subjected to cross-link analyses. Peak | does not contain any cross-link. Peaks |l

and Il were subjected to further purification and characterization because they contain

the least of contamination from other cross-links when compared to peaks IV and V.
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Figure 4.5 The chromatographic profile of the collagenase digest of peak Il (from
Figure 4.3) The collagenase digest of peak Il was fractionated on the standardized
Superdex 75 molecular sieve column chromatography using 0.025 M ammonium
bicarbonate containing 5% IPA with a flow rate of 0.4 ml/minute.. An aliquot from each
fraction was determined for radioactivity, and two radioactive peaks were identified from

the digest, denoted as peaks Il a and Il b, respectively.
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Figure 4.6 The cross-link profiles of peaks lla and Ilb (from figure 4.5). An aliquot from

each radioactive peak, lla and llb, was subjected to acid hydrolysis and cross-link

analysis. Both peaks Ila-and llb contained HHMD cross-linked peptides, with the former

containing the higher amount of HHMD-and less of pyridinoline.
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Figure 4.7 The chromatographic profile of the collagenase digest of peak Il (from
Figure 4.3). The collagenase digest of peak Ill was fractionated on the standardized
molecular sieve column chromatography using 0.025 M ammonium bicarbonate
containing 5% IPA with a flow rate of 0.4 ml/minute. An aliquot from each fraction was
determined for radioactivity and two radioactive peaks were identified from the digest,

denoted as peaks llla and lllb respectively.
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Figure 4.8 The cross-link profiles of peaks Ila and IHb (from Figure 4.7). An aliquot from
each radioactive peak, Illa and lllb, was subjected to acid hydrolysis and cross-link
analysis. Only peak llla was found to contain a significant amount of HHMD cross-link
along with some pyridinoline cross-link.~Peak lllb was found-to-contain other reducible

cross-links, DHLNL and HLNL.



100

M+ 2H
287.68

W TP ISP VS J00 WIS GE0 GTE AED 436 480 4TS B0D 528 BED  STE 00 AU &S0 75 Tee

ESI MS of the cross-link

B
574 40

] T 168 123 949 75 200 225 240 7S 200 33 Ade aArs A

ESI MSMS of m/z 574 from the cross-link

68

Figure 4.9 The ESI MS (A) and MS/MS (B) spectra of the purified HHMD cross-link show

a protonated molecular ion of mass 574.3 daltons which corresponds to the mass and

the structure of the reduced deH-HHMD proposed by Tanzer et al. (1973).
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Figure 4.10 The final chromatographic and radioactive profiles of A) peak lla and B)
peak llla, respectively, on the Superdex 75 molecular sieve column chromatography.
The cross-linked peptides were subjected to a series of HPLC/FPLC, with monitoring of
absorbance at 230 nm. The fractions were determined.for radioactivity to'identify the
presence of HHMD-peptide. The final chromatography was performed using-a C4
reversed phase column, 4.6 mm X 250 mm with 300 A° pore size, (Vydac) with a
gradient of 0-40% acetonitrile in 0.1 % TFA, flow rate of 1.2 ml/minute, and HHMD cross-
linked peptides were rechromatographed on the Superdex 75 molecular sieve column
chromatography. At this point the cross-link profile showed only the presence of HHMD
(data not shown). The pure fractions were pooled and dried, and subjected to further

analyses.
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Figure 4.11 MALDI/MS spectra of peak Ila, collagenase digest of turkey tendon tryptic
peptide, show an abundant molecular ion of 8,778. A series of ions separated by 22
dalton, sodium (Na), was also observed with the highest molecular ion corresponding to

the M+2Na ion of the 8,778 species.
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Figure 4.12 MALDI/MS spectra of chymotryptic digest of peak Ila. The MALDI/MS of a

chymotryptic digestion of the HPLC fraction of peak lla for 6 hours at 35 °C shows ion
of m/z 7,774 dalton. The loss of 1,004 dalton, compared to the 8,778 ion may

correspond to cleavage of the OL 1 N telopeptide chain between Y 4N and G 5N plus

loss of one oxygen.
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Figure 4.13 MALDI/MS mass spetra of peak llla. The spectra contain abundant ions of

masses 3,669 and 4,604 dalton. The spectra also show other unidentified molecular ions

indicating the heterogeneity of this peak.
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Figure 4.14. Based on the gathered experimental evidence in the present study, three

possible locations (A-C) of residues involving in the formation of HHMD cross-linked

peptides were proposed. (numbering of amino acid sequences was based on the

Pubmed database;swissprot- accession numbers -P0O2457 and-PO2467)

pQ = pyroglutamate

4 indicates the typical cleavage site of pyroglutamate aminopeptidase and

‘J/ indicates the typical cleavage site of CNBr
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Figure 4.15 The chromatographic profiles of the purified HHMD cross-link on a strong
cation exchange column chromatography configured as an amino acid analyzer using
ninhydrin for color development. Acid and alkali hydrolysates of HHMD cross-linked
peptide were fractionated on a P2 molecular sieve column. The purified HHMD cross-
link was identified by its radioactivity and by cross-link analysis. The cross-links from
both hydrolysates, A) acid and B) alkali hydrolysates, were then subjected to amino
acid analyses, which showed that their elution positions were unchanged.indicating no

glycosylation involved-in the formation of the cross-link.



Table 1 Amino acid sequence data of peak lla (collagenase digest of peak Il), and

chymotrypsin digest of peak lla. Ten cycles of N-teminal amino acid sequencing were

performed for each sample.

cycle | Amino acid residues found from | Amino acid residues found from
collagenase digest (peak 11a)], chymotryptic digest of peak lla |
amount shown in picomoles in armount shown in picamoles in
parentheses parentheses
1 Lz oA oz ol
1 G -975 (767) & 93 (287) G-925 (38 931 () &-6M (38
2 M-929 (437) L-E32 (252 bA-923 (4007 L9372 (24] Y-E1 (B8]
5 - Hl ~9533(hd) L Hy-953 hq)  D-7H (54
4 G-931 (208 GRE54 Q0E) G-931 [39) G934 E-&hl (507
g H-932 (125] - H-932 (5]
B R-933 (186) R-93302) 5-10M (25)
7 G-934 (231 =11 M (80
g F-935 (100 E12M (40
g 5-035 (54)
10 G-937 (139
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Table 2 Amino acid sequence data of cyanogen bromide cleavage product of peak lla.

Ten cycles of N-terminal amni acid sequencing were performed, but amino acid

residues were identified from only 8 cycles.

cycle | Amino acid residues from cyanogen bromide digest of
peak lla, amount shown in picomoles in parentheses
ctl ol o2
1 =-3N (18] - 5-5931 (30)
2z W-4n (23] 5-931 (31) L-93Z (18]
3 G-5M(22) H-532 (9) Hyl-333 (ng)
4 V-8 (22) R-533 (38) 5-934 (22)
] D-7M [25)
g E-BM (20)
7 -
g S—-10MN(18)
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Table 3 Amino acid sequence data of pyroglutamate aminopeptidase digest of peak
lla. Fifteen cycles of N-teminal amino acid sequencing was performed, but amino acid

residues were identified from only thirteen cycles.

cycle Amino acid residues from pyroglutamate aminopeptidase digest of peak
lla, amount shown in picomaoles in parentheses
al o2 al o2
1 W-21 (53] Y-2M (9] 53-925 (15) 5-931 (16)
2 5-3M (35 D-3M {117 W-928(11) L8932 (12)
3 Y-dM [36) P-4 (8] - Hyl-933 (no)
4 5-5M (171 5-5M (8) 5-931(17) 5-934(17)
] -GN (40) - H-932 (2} -
G D-7MN(28) A=TM (9] R-533 (2)
7 E-8MN (29) A-8M (11)
5] - D-9M (12)
5 S-TON(Z20]) F-10M (8)
10 F-11M{32)
11 G-12M (32)
12 MW=13M(17)
13 A-TAN(10)




Table 4 Amino acid sequence data of peak llla (collagenase digest of peak IIl), and

chymotryptic digest of peak Illa. Ten cycles of Edman degradation amino acid

sequencing were performed.
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C¥cle | amino acid residues found Amino acid residues found from chymotryptic

fram collagenase digest digest of peak llla, amount shown in

(peak llla) , amount shown in | picomoles in parentheses

picomoles in parentheses

ol o2 ol o2 ol

1 =5-928 (25) =-931 (25) E-928 (94) =-931 (94) G-50 (94)
2 M-929 {19) L-932 (13 M-929 {177 L-93201449) -AM (279)
3 - Hyl-4933 (hop) - Hyl-933(n o) D-Tr (218)
4 =-931 (23 =-934 (23 Z-931 (34) 5-934 (35) E-BM (229)
5 H-932 (3 = H-932 (74) -
6 R-933 (4 F-833 {100} S=10M0119)
7 G-11M (168)
8 G-12M(142)
] P -13MC101)
10 A-TAMIZ)




Table 5 Amino acid sequence data of pyroglutamate aminopeptidase digest of peak

[lla. Ten cycles of N-terminal amino acid sequencing were performed.

oycle | Amino acid residues from pyroglutamate aminopeptidase digest of
peak llla, amount shawn in picomales in parentheses
ol o2 ol o2 ol

1 M-ZRO13 Y-2RIE) 3-928 036 3-9310326) G-5N (36)

2 S-3M019 D-3mM(15)  M-928 (61)  L-932 (500 f=BM (21}

3 T-4ME21 P-4R(1E) - Hyl-933 (noy  D-TR29)

4 G-5M (35)  5-AMC13 0 E-931(35) 5-934 (35) E-2M (33)

5 W-GM1E) - H-932 {13) - -

B D-TR(44)  ATR22Y - R-923(20) S-10M (273

7 E-BM (31)  A-BM (220 S-11M (EE)

8 - D-8M (35) S-12M (54)

g S-10 (200 F-10M (14) M-13METT)
10 5-11(449) A-TAR2Z 1)




Chapter 5

Discussion and Conclusion

The mineralizing turkey leg tendon has been widely used for studies on collagen structure,
spatial relationship between collagen and mineral crystals, and post-translational phenotypes of
collagen (Landis et al.,1993, Traub et al., 1992, Yamauchi and Katz, 1993, Knott et al., 1997). This
is due to the fact that this tissue has a relatively simple arrangement of continuous collagen fibrils,
and the tissue has three distinct compartments that can be manually dissected out for the chemical
and structural analysis. The three compartments include mineralizing (inner portion), non-
mineralizing but eventually will be mineralizing (both ends of the tendon) and never-mineralizing
(most peripheral layer) compartments.  Yamauchi and Katz, 1993, analyzed collagen in these
compartments by using CNBr peptide mapping and amino acid analysis, and found out that collagen
in all three compartments were essentially type | collagen (Yamauchi and Katz 1993, Yamauchi et al,
unpublished). Distinct difference in type | collagen among these compartments was found, however,
in their post-translational chemistries. It was found, in the present investigation as well as another’s
(Yamauchi and Katz, 1993), that never-mineralized compartment (peripheral layer of tendon)
contained relatively significant level of pyridinoline cross-link (0.4 mole/mole of collagen), however,
by using sequential enzymatic digestion and a series of HPLC, most of the pyridinoline cross-linked
peptides could be separated from other cross-linked peptides. It has been a long term goal of this
laboratory to elucidate the post-translational chemistries and molecular packing structure of type |
collagen in order to further establish the structure-function relationship of this protein especially in the
field of biomineralization. Evidences have shown that only trace amount of deH-HHMD was found in
the mineralized tissue collagen, and preliminary data gathered by our laboratory has shown that the

formation of deH-HHMD might involve two lysyl aldehydes originated from N-telopeptides. Studies
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have suggested that the cross-linking chemistries in the N-terminal region are more complicated
than those of the C-terminal region in non-mineralized tissues (Yamauchi et al., 1989). Therefore, it
has been speculated that the N-terminal regions of collagen, a putative nucleation site (Berthet-
Colominas et al., 1979), in non-mineralized tissues are spatially constrained thus downregulating the
mineralization process. It was the objective of this study to determine the molecular loci of deH-
HHMD and to characterize its glycosylation state in the never-mineralizing portion of tendon collagen

to obtain insights into the potential structural role of the cross-link in non-mineralized tissues.

Tanzer et al., 1973, were the first to identify a tetravalent cross-link deH-HHMD, a

large compound capable of cross-linking several peptides, in collagen and to

demonstrate that histidine participated in the formation of the cross-link. They found that

though this polyfunctional compound was different from the pyridinium cross-links found

in elastin, they were related because they may arise from the same precursor molecules.

It is of interest to note that only small amount of histidine is present in collagen, less than

1% of total amino acids, but they appear to be specifically distributed and their

participation in the formation of natural cross-links in collagen is of biological

significance. Although lysyl aldehydes-have been foundto locate in both the C- and N-

termini of the collagen molecule, the aldol condensation product which is.formed

between two lysyl aldehyde residues has been reported to occur at the N-terminal

portion of the molecule (Kang et al.,1969). Tanzer et al. (1973) noted that the specific

location of an aldol and its condensation with a histidine, a sparse amino acid in the

collagen molecule, on a neighboring molecule are a strong indication of

stereospecificity of cross-linking reaction. Robins and Bailey in 1973 and 1977
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questioned the existence of deH-HHMD as a natural cross-link under physiologic

condition. Based on their experimental data, they found that fibers cleaved with acid

phosphate failed to form deH-HHMD upon borohydride reduction resulted in a

concomittent rise in the amount of intramolecular aldol. They claimed that Michael

addition did not occur under physiologic condition but was caused by the base-

catalyzed reaction by reduction with borohydride, therefore, HHMD did not exist as a

natural intermolecular cross-link but rather an artifact. However, Bernstein and

Mechanic in 1980 confirmed the existence of deH-HHMD as a natural collagen cross-

link. They acid-cleaved insoluble steer skin collagen fibrils at pH 4.3 to break the cross-

link into its precursors and allowed reformation of the cross-link to occur. They found

that the reformation of the HHMD cross-link was time-dependent and reached the

control values at 24 hours. The findings were consistent with the slow reaction of

Michael addition of the N of histidine to the ethylene double bond of the aldol

condensation product which was in concordant with the reaction proposed by Tanzer et

al. (1973). Bernstein and Mechanic (1980) also found that the N of histidine that

participated in the cross-link formation was protected against modification by alkylation

as the Michael adduct. They also proposed that His-89 of OL 1 chain participated in the

formation of the cross-link. They concluded that deH-HHMD was a natural occurring

cross-link and not an artifactual compound formed by the reduction process as claimed

by Robins and Bailey. Although the scope of the present study does not include

isolation and characterization of unreduced form of HHMD, it was suggested by Tanzer
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et al. (1973) that unreduced aldol-histidine could be formed by an Ol Michael addition

of the imidazole of histidine to the B—carbon of the OL,B unsaturated bond of aldol
condensation product (see figure 1.11). Furthermore, an active carbonyl moiety
remains in unreduced aldol-histidine, Schiff base formation can occur yielding an
unreduced form of histidinohydroxymerodesmosine. Tanzer et al. (1973) also
suggested that alternatively dehydrohydroxymerodesmosine may initially form, similar to
dehydromerodesmosine observed in elastin, and then Michael addition may occur. The
latter pathway was suggested by the finding that a small amount of a compound having
the mass spectral pattern consistent with hydroxymerodesmosine could be isolated from
the NaBSH4-reduced collagen.

In this study, in order to purify and characterize the HHMD peptides, several
enzymatic digestions were performed. The use of trypsin to truncate collagen
molecules into small peptides followed by column chromatography has been widely
used to isolate and characterize collagen cross-linked peptides (Aguilar et al., 1973,
Kuboki et al., 1981, Yamauchi et al., 1986b, Yamauchietal., 1989). The cleavage site
specificity of trypsin at carboxyl side of arginine or lysine made the enzyme suitable for
the study of collagen.  However, trypsin used. has been found to contain chymotryptic
activity even though it has been treated with L-(tosylamido-2-phenyl) ethyl chloromethy!
ketone (TPCK) as shown in our findings that both peaks lla and llla contained the

cleavage products resulting from chymotryptic action of trypsin, which were residues

starting with G 5N- Y 6N- D 7N- E 8N ----from QL1 N telopeptide domain. The sequence
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of helical OL1 GMKGHRGFSG was also found indicating the incomplete cleavage of R-G
bond by trypsin which might be due to the steric hinder effect of the cross-link that
made it difficult for trypsin to cleave between Rand G. The use of bacterial
collagenase was expected to be useful for cleaving the large structure of collagen into
smaller peptides. The specific cleavage site of bacterial collagenase is at the carboxyl
side of X in the sequence —P-X-G-P- where often X is found to be hydroxyproline
(Peterkofsky, 1982). Specific cleavage sites of bacterial collagenase have been
studied extensively, and at least 16 cleavage sites have been identified for classes | and
Il of bacterial collagenase by several investigators (Mookhtiar et al., 1985, Mallya et al.,
1992, Mookhtiar and Van Wart, 1992, Lin et al., 1999). Bacterial collagenase used in
the present study was the CLSPA class purified collagenase (Worthington), a mixture of
two separate but very similar classes of collagenase namely class | and class |l
collagenases, which theoretically are able to cleave the collagen tryptic peptide into
several smaller peptides (Lin et al., 1999). In the present study we could clearly show

helix

that bacterial collagenase cleaved between P-930 " and G-931 "™ of OL2 chain as

shown in the sequencing data of peak lla (see tables 1-3). It was also found that

helix

collagenase cleaved between P-16N and « G-1 of QU1 chain as indicated by mass
data of peak llla (see Results chapter).
Chymotrypsin cleavage sites have also been found to be slightly different from

that of theoretical sites, which usually are the carboxyl side of hydrophobic residues

such as Y, F, and W (Kellner and Houthaeve, 1999). In the present study we found that
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chymotrypsin cleaved between QL1 Y-4N and G-5N as shown by amino acid sequencing

and mass data, but not at the carboxyl side of 0L 1 Y6N or OL2 Y2N which both had

aspartic acids in the P1’ sites. Although the amino acids at P1’ are relatively nonspecific,

it has been recognized that if the residue at P1’ is an acidic amino acid (D or E), the

cleavage is significantly reduced, and if it is proline, no hydrolysis takes place

(from"Practical Protein Chemistry-A Hand Book", 1986, A. Darbre (ed) p 349). Ol

The shortcomings of the N-terminal sequencing by Edman degradation may

involve the cumulative left-over of the residues from previous cycle, an internal cleavage

due to the labile peptide bonds as the sequencing proceeds because of the harsh

condition of TFA and high temperature used, the loss of some amino acids such as

serine, up to 80%, and threonine, up to 50 %, due to dehydration, the low yield of

histidine and arginine, and the high background of some amino acid such as aspartic

acid (Lottspeich et al., 1999). The presence of the complex HHMD cross-link in the

peptide may also contribute to the difficulty in sequencing. These factors should be

taken into consideration when interpreting the sequence data.

From the results of sequence after pyroglutamate aminopeptidase treatment, the

complete sequences of an OL1 and - OL2 N telopeptides were confirmed in the HHMD

peptides isolated. It was clearly shown from the present study that the amino acid

sequence found in an QL1 N telopeptide is slightly different from those of chicken

collagen those shown in the database (see figures 3.1 and 3.2). In the present study,

the residues of OL1 A-11N was substituted by G-11N , and QU1 V-13N by M-13N. ltis
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likely that the sequence of turkey collagen is slightly different from that of chicken. Slight

difference in amino acid compositions of type | collagen among animals in the same

genus has been shown (Mechanic et al., 1987, Kuypers et al., 1992). The 0.3%

difference between calculated mass based on the chicken collagen sequence and the

mass observed (see Results chapter) could be due to the potential differences in the

sequence between the two species. In addition, a significant number of amino acids of

OL2 helical peptide were unable to be sequenced because of the cyclization of N-G

bond. The amino acid composition obtained from the amino acid analyses of peaks lla

and llla did not completely correspond to those of the theoretical values (data not

shown). This also suggests minor differences in sequence between the two species.

Further investigation is warranted to support this speculation.

ald ald

The major locus appears to be OL1-9N (Lys™ ) X OL2-6N (Lys™ ) X OL1-930 (Hyl)

X 0L2-935 (His) based on the sequence results. This structure is present in both peak ||

and peak lll. The possible explanation why they were separated on the Superdex 75

might be due to the partial cleavage of trypsin between OL1 R933-G934. These

specific residues are involved in the cross-link , not OL2-933 (Hyl) or OL1-932 (His)

which are located very close to those residues, indicating that the packing of collagen

molecules and the cross-linking reactions are stereospecific. This stereospecificity is

probably required to form this complex cross-link, thus to stabilize the collagen fibrils as

a whole. From the current study, we can not conclude if Hyl and His are from the same

molecule or different molecules. If the cross-link ties three molecules, two of them that
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provide His and Hyl, respectively, are almost in register and an aldol-containing

molecule is axially staggered to both of these by 4 X 65 nm as in the case of skin

collagen (Mechanic et al., 1987, Yamauchi and Katz, 1993). Absolute frequency of

occurrence of deH-HHMD at several loci could not be established from this study

because of the lack of information on HHMD in peaks IV and V. The characterization of

HHMD in these peaks is needed to establish the relative participation of QL1 and QL2

chains in this cross-link.

Considering the complex structure of the HHMD cross-link we propose that the

possible functions of this croess-link is to stabilize the collagen molecules in the fibril

because it is an intermolecular cross-link, providing the tissue its resistance to

mechanical tension. The role of collagen matrix to provide mechanical support

especially tensile strength has been reported (Knott et al., 1995, Misof et al., 1997, Bank

et al., 2000), and alteration in the nature and quality of collagen biochemistry has been

shown to lead to impairment of tissues. The investigation regarding the relationship

between the amount of deH-HHMD and-biomechaincal strength of the tissue is needed.

Additionally, this cross-link may have a role in the fixation of the N-terminal telopeptides

and stabilization of the relatively flexible domains of a collagen molecule due to the lack

of GPP sequence in the helical domain near the N-termini (Miles and Bailey, 2001).

Studies using turkey tendon collagen fibrils showed that mineralization of the fibrils

started in the gap zone close to N-telopeptide domain. The abundantly presence of the

deH-HHMD cross-link, which is a strong tetravalent structure, in the non-mineralized
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layer of the tendon involving the N-telopeptide domains of the molecules may cause

spatial constraint for mineralization. In addition, a small leucine-rich proteoglycan,

decorin, binding site has been reported to be close to the OL1 Hyl-930, not QL2 (Keene

et al., 2000). Whether or not the cross-link would act as a receptor or have any

communication with decorin needs further investigation.

The roles of selective glycosylation of specific hydroxylysyl residues in type |

collagen molecules have been of interest (Morgan et al., 1970, Aguilar et al., 1973,

Yamauchi et al., 1982). Henkel et al. (1976) pointed out that glycosylation was tissue-

dependent and did not seem to be dependent on the localization of the cross-link in the

molecule. The role of tissue-dependent glycosylation has not yet been well understood,

however, studies have shown a possible relationship between glycosylation and fibril

diameter and cross-linking formation (Yamauchi et al., 1982, Morgan et al., 1970, Eyre

and Glimcher, 1973, Notbohm et al., 1999). It has been suggested that glycosylation

might be involved in molecular assembly because their locations in the molecule would

place them in the “hole” zones  (Morgan et al., 1970). ~Morgan et al. (1970) speculated

that the projecting carbohydrate groups may prevent or seriously impair the molecular

packing of collagen, therefore the degree of glycosylation would be related to the order

of fibril formation. Notbohm et al. (1999) studied the potential roles of

hydroxylation/glycosylation of collagen using recombinant type Il collagen that

contained various degrees of hydroxylation/glycosylation and found that collagen with

high contents of hydroxylysine/glycosylation compared to that with low



89

hydroxylysine/glycosylation formed thinner fibrils. Their data indicated that the extent of
lysine hydroxylation and glycosylation may play a role in the regulation of collagen fibril
formation and morphology. Eyre and Glimcher (1973) found from their study that a
specific hydroxylysine in the sequence —G-M-Hy! *"_G-H-R- which cross-linked to 16°-

ald

Hyl™ in the C-telopeptide forming the bifunctional deH-DHLNL cross-link was the major
glycosylation site, and they concluded that glycosylation may direct the formation of the
cross-link. Yamauchi et al. (1982) found that Hyl-87 involved in the complex trifunctional
cross-link, histidinohydroxylysinonorleucine, was not glycosylated. Based on this
finding, they speculated that the role of glycosylation was to prevent the formation of
complex stable cross-link. In addition to these potential roles, i.e. regulation of
fibrillogenesis, regulation of cross-link maturation, carbohydrate group attached to the

G-X-Y sequence of collagen might play a role as a receptor site for cell signaling (Vogel
et al., 1997, Shrivastava et al., 1997).

The present study clearly demonstrated that the hydroxylysine residue (OL1 Hyl-
930) involved in the deH-HHMD cross-link was not glycosylated. This was confirmed by
cross-link, amino acid and mass spectrometric analyses using the alkali and acid
hydrolysates of the purified HHMD peptides.-The QL2 Hyl-933 which is the second
amino acid from the cross-link involved His toward N-terminus was also not
glycosylated. However, both Hyl residues have been proposed as glycosylation sites

(Kuboki et al., 1993, Kuypers et al., 1992).
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It has been shown that Hyl-930 on an QL1 chain and Hyl 933 on an OL2 chain of

type | collagen molecule, which involved in the formation of N-telopeptide derived

pyridinoline and pyrrole cross-links, are not glycosylated (Hanson and Eyre, 1996).

Preliminary (unpublished) data obtained from our laboratory showed that about 40% of

Hyl residues (likely OL1-930) involving in the formation of N-telopeptide derived

bifunctional cross-links (deH-HLNL, deH-DHLNL) were glycosylated. These results

suggest that the Hyl residue at 930 on an OL1 chain, when glycosylated, participates in

the formation of a simple bifunctional cross-links, but not in the multivalent cross-links.

This could be due to the steric hindrance by the presence of carbohydrate moiety as

suggested by Yang et al. (1993) that galactosylglucosyl group attached to a

hydroxylysyl residue may laterally shield 3-4 amino acids. The absence of

carbohydrate, on the contrary, may allow contact between an aldol and His, then with

Hyl to form this complex cross-link. This is consistent with a previous hypothesis that

glycosylation of Hyl prevents the formation of mature/complex cross-links (Yamauchi et

al., 1982). Robins (1983) also noted the extreme lability of glycosylated pyridinoline

found in his study compared to the glycosylated bifunctional cross-links, and offered the

same explanation to others’ findings regarding the absence of glycosylated products of

complex cross-link.

Conclusion

Under the condition of the present study, the HHMD-crosslinked peptides were

isolated and characterized. The present study demonstrates that, in never-mineralized
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portion of turkey leg tendon, an aldol involved in deH-HHMD cross-link is derived from
the N-terminal telopeptide portion (OL1—9N—Lysald and OL2—6N—Lysa'd). The possible
molecular loci of the tetravalent cross-link HHMD in the never-mineralized part of turkey
leg tendon collagen fibrils are proposed to be N-telopeptide-derived. Lysyl adehydes
involved in the formation of the cross-link are from OL1 9-N X 02 6-N or OL1 9-N X QU1
9-N. The helical Hyl involved is from OL1 Hyl-930, and the helical His involved is from
either L2 His-935 or QL1 His-932. The helical hydroxylysines involved, OL1Hyl-930 and
OL2 Hyl-933, in the formation of the cross-linked peptide are not glycosylated.

Based on the information of amino acid sequence and mass analyses gathered
from the present study three possible molecular loci of HHMD cross-link are proposed,
which are 01 Lys ®“ 9N X OL1 Lys *“ 9N X QU1 Hyl 930 X OL2 His 935 , OL1 Lys ““9N X
02 Lys ““6N X OL1 Hyl 930 X 012 His 935 , and OL1 Lys ““9N X 02 Lys ““6 N X OL1
Hyl 930 X OU1 His 932. The complex structure of deH-HHMD leads us to propose its
function as to provide tensile strength and stability to the tissue, however, further
investigations regarding the functional significance of this cross-link are definitely
needed. Furthermore, the molecular loci proposed, resulted from the present findings,
are from only two locations on the column chromatographs. The other two HHMD cross-

linked peptide peaks await further characterization.



References

Accession P02457, swissprot : locus CA11_CHICK

Accession P02467, swissprot : locus CA21_CHICK

Aguilar, J.H., Jacobs, H.G., Butler, W.T., and Cunningham, L.W. 1973. The distribution of

carbohydrate groups in rat skin collagen. ~ J. Biol. Chem. 248 (14): 5106-5113.

Bailey, A.J., Paul, R.G., and Knott, L. 1998. Mechanisms of maturation and ageing of

collagen. Mech. Ageing Dev. 106 : 1-56.

Bank, R.A., Tekoppele, J.M., Janus, G.J.M., Wassen, M.H.M., Pruijs, H.E.H., Van Der
Sluijs,H.A.H., and Sakkers, R.J.B. 2000. Pyridinium cross-links in boneof patients
with osteogenesis imperfecta : Evidence of a normal intrafibrillar collagenpacking. J.

Bone Min. Res. 15 : 1330 -1336.

Bateman, J.F., Lamande, S.R.;-and Ramshaw, J.A.M.1996. Collagen Superfamily.In W.D.

Comper (ed.), Extracellular Matrix volume 2 Molecular Compartments and

Interactions, pp. 22-67. The Netherlands, Harwood Academic Publishers GmbH.

Bernstein, P.H., and Mechanic, G.L. 1980. A natural histidine-based iminium-cross-link

incollagen and its location. J. Biol. Chem. 255 : 10414-10422.

Berthet-Colominas, C., Miller, A., and White, SW. 1979. Structural study of the

calcifyingcollagen in turkey leg tendons. J. Mol. Biol. 134 : 431-445.



94

Bornstein, P., and Balian, G. 1977. Cleavage at Asn-Gly bonds with hydroxylamine.Methods

Enzymol. 47 :132-145.

Borchers, C., Parker, C.E., Deterding, L.J. and Tomer, K.B. 1999. Preliminary comparison

ofprecursor scans and liquid chromatography-tandem mass spectrometry on a

hybrid quadrupole time-of-flight mass spectrometer. J. Chromatogr. A. 854 : 119-

130.

Davidson, J.M., LuValle, P.A., Zoia, O., Quaglino, D. Jr., and Giro, M. 1997.

Ascorbatedifferentially regulates elastin and collagen in vascular smooth muscle

cells and skinfibroblasts by pretranslational mechanisms. J. Biol. Chem. 272 (1) :

345-352.

Epstein, E.H., Scott, R.D., Miller, E.J., and Piez, K.A. 1971. Isolation and characterization of

the peptides derived from soluble human and baboon skin collagen after

cyanogenbromide cleavage. J. Biol. Chem. 246 (6) : 1718-1724.

Eyre, D.R., and Glimcher, M.J. 1973. Analysis of a crosslinked peptide from calf bone

collagen : Evidence that hydroxylysyl glycoside participates in the crosslink.

Biochem. Biophys. Res. Commun. 52(2) - 663-671.

Hanson, D.A., and Eyre, D.R. 1996. Molecular site specificity of pyridinoline and pyrrole

cross-link in type | collagen of human bone. J. Biol. Chem. 271 (43) : 26508-26516.



95

Heikkinen, J., Risteli, M., Wang, C., Latvala, J., Rossi, M., Valtavaata, M., and Myllyla, R.

2000. Lysyl hydroxylase 3 is a multifunctional protein processing collagen

glucosyltransferase activity. J. Biol. Chem. 275(46) : 36158-36163.

Henkel, W., Rauterberg, J., and Stirtz, T. 1976. Isolation of a cross-linked cyanogen-bromide

peptide from insoluble rabbit collagen. Eur. J. Biochem. 69 : 223-231.

Henkel, W., Glanville, RW., and Greifendorf, D. 1987. Characterization of a type-I collagen

trimeric cross-linked peptide from calf aorta and its cross-linked structure. Eur. J.

Biochem. 165 : 427-436.

Horgan, D.J., King, N.L., Kurth, L.B., and Kuypers, R. 1990. Collagen crosslinks and their

relationship to the thermal properties of calf tendons. Arch. Biochem. Biophys. 281

(1) : 21-26.

Kang, A.H., Faris, B., and Franzblau, C. 1969. Intramolecular cross-link in chick skin

collagen. Biochem. Biophys. Res. Commun. 36(3) : 345-349.

Keene, D.R., San Antonio, J.D., Maine, R., McQuillan, D.J., Sarris, G., Santoro, S.A., and

lozzo, R.V. 2000. Decorin binds near the C terminus of type I-collagen. J. Biol.

Chem. 275 (29) :21801-21804.

Kellner, R., and Houthaeve, T. 1999. Chemical and Enzymatic Fragmentation of Proteins. In

R. Kellner, F. Lottspeich, and H.E. Meyer (eds.) Microcharacterization of Proteins :

Second Edition, pp. 97-116. Germany, WILEY-VCH.




96

Kemp, P.D., and Scott, J.E., 1988. Ehrlich chromogens, possible cross-links in elastin and

collagen. Biochem. J. 252 : 387-393.

Kivirikko, K.I., and Myllyla R. 1984. Biosynthesis of the Collagens. In K.A. Piez , and A.H.

Reddi (eds.), Extracellular Matrix Biochemistry, pp. 83-115. New York, Elsevier

Science Publishing.

Knott, L., and Bailey, A.J. 1998. Collagen cross-links in mineralizing tissues : A review of

their chemistry function and clinical relevance. Bone 22 :181-187.

Knott, L., Mansell, J.P., and Bailey, A.J. 1994. Stabilization of normal and osteoporotic bone

collagen. Int. J. Exp. Patho. 75 : A17-18.

Knott, L., Tarlton, J.F., and Bailey, A.J. 1997. Chemistry of collagen cross-linking :

Biochemical changes in collagen during the partial mineralization of turkey leg

tendon. Biochem. J. 322 : 535-542.

Knott, L., Whitehead, C.C., Fleming, R.H., and Bailey, A.J. 1995. Biochemical changes in

the collagenous matrix of osteoporotic avian bone. Biochem. J. 310 : 1045-1051.

Kuboki, Y., Okuguchi, M., Takita, H., Kimura, M., Tsuzaki, M., Takakura, A., Tsunazawa, S.,

Sakiyama, F., and Hirano, H. 1993. Amino-terminal location of pyridinoline in dentin

collagen. Connect. Tissue Res. 29 :99-110.

Kuboki, Y., Tsuzaki, M., Sasaki, S., Liu, C.F., and Mechanic, G.L. 1981. Location of the

intermolecular cross-links in the bovine dentin collagen, solubilization with trypsin



97

and isolation of cross-linked peptides containing dihydroxy-lysinonorleucine and

pyridinoline. Biochem. Biophys. Res. Commun. 102 : 119-126.

Kuypers, R., Tyler, M., Kurth, L.B., Jenkins, |I.D., and Horgan, D.J. 1992. Identification of

the loci of the collagen-associated Ehrlich chromogen in type | collagen confirms its

role as a trivalent cross-link. Biochem. J. 283 : 129-136.

Landis, W.J., Song, M.J., Leith, A., McEwen, L., and McEwen, B.F. 1993. Mineral and

organic matrix interaction in normally calcifying tendon visualized in three dimensions

by high-voltage electron microscopic tomography and graphic image reconstruction.

J. Struct. Biol. 110(1) : 39-54.

Lin, H., Clegg, G.O., and Lal, R. 1999. Image real-time proteolysis of single collagen |

molecules with an atomic force microscope. Biochemistry 38 : 9956-9963.

Linsenmayer, T.F. 1991. Collagen. In E.D. Hay (ed.), Cellular Biology of Extracellular Matrix,

Second Edition, pp. 7-40. New York, Plenum Press.

Lottspeich, F., Houthaeve, T. and Kellner, R. 1999. Chemical Methods for Protein

Sequence Analysis. In R. Kellner, F. Lottspeich, and H.E. Meyer (eds.)

Microcharacterization of Proteins:  Second Edition, pp. 141-158. Germany,

WILEY-VCH.

Mallya, S.K., Mookhtiar, K.A., and Van Wart, H.E. 1992. Kinetics of hydrolysis of type I, II,

and lll collagens by the class | and Il Clostridium histolyticum collagenases. J.

Protein Chem. 11(1) : 99-107.



98

Mechanic, G.L., Banes, A.J., Henmi, M., and Yamauchi, M. 1985. Possible collagen

structural control of mineralization. In W.T. Butler (ed.), The Chemistry and Biology

of Mineralized Tissues, pp. 98-102 . Birmingham, Alabama, Ebsco Media, Inc.,

Mechanic, G.L., Katz, E.P., Henmi, M., Noyes, C., and Yamauchi, M. 1987. Locus of a

histidine-based, stable trifunctional, helix to helix collagen cross-link :

Stereospecificcollagen structure of type | skin fibrils. Biochemistry 26(12) : 3500-

3509.

Miles, C.A., and Bailey, A.J. 2001. Thermally labile domains in the collagen molecule.

Micron 32 : 325-332.

Misof, K., Landis, W.J., Klaushofer, K., and Fratzi, P. 1997. Collagen from the osteogenesis

imperfecta mouse model (oim) show reduced resistance against tensile stress. J.

Clin. Invest.. 100 : 40 —45.

Mookhtiar, K.A., Steinbrink, D.R., and Van Wart, H.E. 1985. Mode of hydrolysis of collagen-

like peptides by class | and class Il Clostridium histolyticum collagenases :

Evidence for both endopeptidase and tripeptidylcarboxypeptidase activities.

Biochemistry 24 ;. 6527-6533.

Mookhtiar, K.A. , and Van Wart, H.E. 1992 . Clostridium histolyticum collagenases : A new

look at some old enzymes. Matrix Supplement No. 1: 116 -126.



99

Morgan, P.H., Jacobs, H.G., Segrest, J.P., and Cunningham, L.W. 1970. A comparative

study of glycopeptides derived from selected vertebrate collagens : A possible role

of the carbohydrate in fibril formation. J. Biol. Chem. 245 (19) : 5042-5048.

Notbohm, H., Nokelainen, M., Myllyharju, J., Fietzek, P.P., Muller, P.K., and Kivirikko, K.I.

1999. Recombinant human type Il collagens with low and high level of

hydroxylysines and its glycosylated forms show marked differences in fibrillogenesis

in vitro. _J. Biol. Chem. 274 (13) : 8988-8992.

Olsen, B.R. 1991. Collagen Biosynthesis. In E.D. Hay (ed.), Cell Biology of Extracellular

Matrix Second Edition, pp. 177-218. New York : Plenum Press.

Otsubo, K., Katz, E.P., Mechanic, G.L., and Yamauchi, M. 1992. Cross-linking connectivity

in bone collagen fibrils : the COOH-terminal locus of free aldehyde. Biochemistry.

31: 396-402.

Peterkofsky, B. 1982. Bacterial collagenase. Methods Enzymol. 82 : 453-471.

Piez, K.A. 1984. Molecular and Aggregate Structures of the Collagens. In K.A. Piez, and

A.H. Reddi (eds.), Extracellular Matrix Biochemistry, pp.1-35. New York : Elsevier

Science Publishing.

Practical Protein Chemistry-A Hand Book. 1986 Darbre, A.(ed.), Great Britain : John Wiley &

Sons, p 349.



Rexrodt, F.W., Fietzek, P.P., and Kuhn, K. 1975. The covalent structure of collagen : The
chymotrypsin, trypsin, and hydroxylamine peptides derived from [ 12-CB4 of calf-

skin collagen. Eur. J. Biochem. 59 : 105-112.

Risteli, J., Eriksen, H., Risteli, L., Mansell, J.P., and Bailey, A.J. 1994. Pyrrolic cross-links

are as abundant in human bone type | collagen as pyridinolines. J. Bone Min. Res.

9 Suppl.1: S186.

Robins, S.P. 1983. Cross-linking of collagen : Isolation, structural characterization and

glycosylation of pyridinoline. Biochem. J. 215 : 167-173.

Robins, S.P., and Bailey, A.J. 1973. The chemistry of collagen cross-links : The

characterization of fraction C, a possible artifact produced during the reduction of

collagen fibers with borohydride. Biochem. J. 135 : 657-665.

100

Robins, S.P., and Bailey, A.J. 1977. The chemistry of collagen cross-links : Characterization

of the product of reduction of skin, tendon and bone with sodiumcyanoborohydride.

Biochem. J. 163 : 339-346.

Rucker, R.B., Kosonen, T., Clegg, M.S., Mitchell, A.E., Rucker, B.R., Uriu-Hare, J.Y., and

Keen, C.L. 1998. Copper, lysyl oxidase, and extracellular matrix protein cross-

linking. Am. J. Clin. Nutr. 67 (suppl.) : 996S — 1002S.

Scott, J.E., Hughes, E.W., and Shuttleworth, A. 1981. A collagen-associated Ehrlich

chromogen : A pyrrolic cross-link ? Bioscience Reports 1: 611-618.



101

Shrivastava, A., Radziejewski, C., Campbell, E., Kovac, L., McGlynn, M., Ryan, T.E., Davis,

S., Goldfarb, M.P., Glass, D.J., Lemke, G., and Yancopoulos, D. 1997. An orphan

receptor tyrosine kinase family whose members serve as nonintegrin collagen

receptors. Molecular Cell 1:25-34.

Stone, K.L., and Williams, K.R. 1996. Reverse-phase HPLC Separation of Enzymatic Digests

of Proteins. In J.M. Walker (ed.) The Protein Protocols Handbook, pp. 427- 434.

New Jersey : Hamana Press.

Tanzer, M.L., Hously, T., Berube, L., Fairweather, R., Franzblau, C., and Gallop, P.M. 1973.

Structure of two histidine-containing crosslinks from collagen. J . Biol. Chem. 248 :

393-402.

The Perkin-Elmer Corporation. 1995. Preparing Samples for Protein Sequencing : A

Newcomer’s Guide. Electronically distributed via internet by the Perkin-Elmer

Corporation.

Torre-Blanco, A., Adachi, E., Hojima, Y., Wootton, J.A.M., Minors, R.R., and Prockop, D.J.

1992. Temperature-induced post-translational over-modification of type |

procollagen.-J. Biol. Chem. -267-(4) :-2650-2655.

Traub, W., Arad, T., and Weiner, S. 1992. Growth of mineral crystals in turkey tendon

collagen fibers. Connect. Tissue Res. 28(1-2) : 99 -111.

Tsunasawa, S., Nakura, S., Tanigawa, T., and Kato, |. 1998. Pyrrolidone carboxy peptidase

from the hyperthermophilic archeon Pyrococcus furiosus : Cloning and



102

overexpression in Escherichia coli of the gene , and its application to protein

sequence analysis. J. Biochem. 124 : 778-783.

Uzawa, K., Grzesik, W.J., Nishiura, T., Kuznetsov, S.A., Robey, P.G., Brenner, D.A., and

Yamauchi, M. 1999. Differential expression of human lysyl hydroxylase genes, lysine

hydroxylation, and cross-linking of type | collagen during osteoblastic differentiation

in vitro. J. Bone Min. Res. 14 : 1272 — 1280.

Van Der Rest, M., Garrone, R., and Herbage, D. 1993. Collagen : A Family of Proteins with

Many Facets . In H.K. Klienman (ed.), Advances in Molecular and Cell Biology

Volume 6, pp. 1-67. JAI Press.

Vogel, W., Gish, G.D., Alves, F., and Pawson, T. 1997. The discoidin domain receptor

tyrosine kinases are activated by collagen.  Molecular Cell 1: 13-23.

Walker, J.M. , and Sweeney, P.J. 1996. Removal of Pyroglutamic Acid Residues from the N-

terminus of Peptides and Proteins. In J.M. Walker (ed.) The Protein Protocols

Handbook, pp. 525-527. New Jersey, Hamana Press.

Wassen, M.H.M., Lammens, J., Tekoppele, J.M., Sakkers, R.J.B., Liu,Z., Verbout, A.J., and

Bank, R.A. 2000. Collagenstructure regulates fibril mineralization‘in osteogenesis

as revealed by cross-link patterns in calcifying callus. J. Bone Min. Res. 15(9) :

1776-1785.



103

Yamauchi, M. 1995. Collagen : The major matrix molecule in mineralized tissues. In J.B.

Anderson, and S.C. Garner (eds.), Calcium and Phosphorus in Health and Disease,

pp.157-172. Boca Raton, Florida, CRC Press.

Yamauchi, M., Chandler, G.S., and Katz E.P. 1992. Collagen cross-linking and

mineralization. In H. Slavkin, and P. Price (eds.) , The Chemistry and Biology of

Mineralized Tissues, pp. 39-46. Amsterdam, Elsevier Science Publications.

Yamauchi, M., Chandler, G.S., Tanzawa, H., and Katz, E.P. 1996. Cross-linking and

molecular packing of corneal collagen. Biochem. Biophys. Res. Commun. 219 :

313-315.

Yamauchi, M., Cheng, H., Chandler, G.S., and Katz, E.P. 1997. Collagen cross-linking of

bovine tooth cementum. J. Dent. Res. 76 : 266.

Yamauchi, M., and Katz, E.P. 1993. The post-translational chemistry and molecular

packing of mineralizing tendon collagens. Connect. Tissue Res. 29 : 81-98.

Yamauchi, M., Katz, E.P., Chandler, G.S., Cheng, H., and Crenshaw, M.A. 1996. Distinct

post-translational-.chemistry of mineralized type | collagen. J. Dent. Res. 75 : 153.

Yamauchi, M., Katz, E.P., and Mechanic, G.L. 1986a. Intermolecular cross-linking and

stereospecific molecular packing in type | collagen fibrils of the periodontal ligament.

Biochemistry 25 :4907-4913.



104

Yamauchi, M., Katz, E.P., Otsubo, K., Teraoka, K., and Mechanic, G.L. 1989. Cross-linking

and stereospecific structure of collagen in mineralized and non-mineralized skeletal

tissues. Connect. Tissue Res. 21 : 159-169.

Yamauchi, M., Kuboki,Y., Sasaki, S., and Mechanic, G.L. 1986b. New pepsin-solubilized

low molecular weight collagenous component possibly unique to periodontal

ligament. Biochemistry 25 : 1997-2002.

Yamauchi, M., London, R.E., Guenat, C., Hashimoto, F., and Mechanic, G.L. 1987. Structure

and formation of a stable histidine-based trifunctional cross-link in skin collagen. J.

Biol. Chem. 262 : 11428-11434.

Yamauchi, M., and Mechanic, GL. 1988. Cross-linking of collagen . In Collagen volume |,

pp. 157-172. Boca Raton, Florida, CRC Press.

Yamauchi, M., Noyes, C., Kuboki, Y., and Mechanic, G.L. 1982. Collagen structural

microheterogeneity and a possible role for glycosylated hydroxylysine in type |

collagen. Proc. Natl. Acad. Sci. USA. 79: 7684 —7688.

Yamauchi, M., Woodley, D.T., and Mechanic, G.L. 1988. Aging and cross-linking of skin

collagen. Biochem. Biophys. Res .Commun. 152 (2): 898-903.

Yang, C.L., Rui, H., Mosler, S., Notbohm, H., Sawaryn, A., and Muller, P.K. 1993. Collagen I

from articular cartilage and annulus fibrosus. Structural and functional implication of

tissue specific post-translational modifications of collagen molecules. Eur. J.

Biochem. 213(3) : 1297-1302.



105

Yeowell, H.N., and Walker, L.C. 1999. Tissue specificity of a new splice form of the human

lysyl hydroxylase 2 gene. Matrix Biology 18 : 179-187.

-
-
X
[0

K

4

AONUUINYUINNS )
ANRINITUNINEAE



104

Author’s Biography
Sirivimol Srisawasdi, born on the 4" of March, 1960, graduated with the D.D.S. in
1984 from the Faculty of Dentistry, Chulalongkorn University, Bangkok, Thailand. She
received the Certificate in Operative Dentistry and the Master of Science in 1987 from
the University of lowa, lowa, U.S.A..  She has been a faculty member, an assistant
professor at present, of the Department of Operative Dentistry, Faculty of Dentistry,

Chulalongkorn University since September of 1987.



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgement
	Contents
	Abbreviations
	Chapter I Background and Significance
	Chapter 2 Statement of the Problem, Specific Aims and Hypothesis
	Chapter 3 Experimental Procedures
	Chapter 4 Results
	Chapter 5 Discussion and Conclusion
	References
	Vita



