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Abstract Collagen is the main source of extracellular support for multicellular animals.
The mechanical strength of collagen fibrils depends on a highly regulated mechanism of
intermolecular cross-linking. The basis of this cross-linking from the most primitive to the
most advanced multicellular animals and across a diversity of vertebrate tissue types, is the
formation of covalent bonds from aldehydes produced from lysyl and hydroxylysyl side-
chains by lysyl oxidase. In the last decade it has become clear that such bonds form not only
between collagen molecules of the same type in homopolymeric fibrils but also between dif-
ferent types of collagen molecule that have evolved to interact and form heteromeric struc-
tures. Furthermore, cross-linking amino acids and peptides containing them from collagen
degradation, have received attention as bone resorption biomarkers in clinical studies and
drug trials in the osteoporosis field. This review summarizes recent research directions with
examples of advances in understanding complex interactions in cartilage collagen and the
role of lysyl hydroxylase isoforms in regulating the pathway of cross-linking chemistry.
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1
Introduction

Collagen fibrils provide the mechanical support that enabled large multicellular
animals to evolve on earth [1, 2]. The tensile strength of collagen depends on
the formation of covalent intermolecular cross-links between the individual
protein subunits [3].All the fibril-forming collagen types in higher vertebrates
(types I, II, III, V and XI) are cross-linked through a mechanism based on the
reactions of aldehydes generated enzymically from lysine (or hydroxylysine)
side-chains by lysyl oxidase [4, 5]. This pathway operates in the collagen 
fibrils of sponges (Porifera), the most primitive extant multicellular animals,
through to mammals [6, 7]. Certain other collagen types (e.g., collagen type IX
of cartilage) are also cross-linked by the lysyl oxidase mechanism. In the last
decade, perhaps the most important conceptual advance in this field is that dif-
ferent collagen types have evolved to cross-link heterotypically in the assem-
bly of multi-component fibrils. Templates of one class of collagen (type V/XI
microfibrils) provide the scaffold on which the more recently evolved fibrillar
collagen molecules (types I and II) co-assemble to form large fibrils. In cartilage,
a third type of collagen, type IX (of the FACIT sub-family), becomes cross-linked
to the surface of this copolymer and all three molecular types are cross-linked
internally and to each other through the lysyl oxidase mechanism. In consider-
ing the evolution of the different molecular classes of collagen, it is clear that
gain of function mutations in the protein subunits have created new cross-link-
ing opportunities for heterotypic intermolecular bonding. This presumably 
extends the range of collagen functional properties cells can express.

In addition to physiologically regulated cross-linking on synthesis by lysyl
oxidase, collagens are also susceptible over time to further cross-linking
through the undesirable reactions of reducing sugars [8–13], particularly glu-
cose (non-enzymic glycosylation or glycation) and lipid oxidation products
[14, 15]. There is an extensive and growing literature on the chemistry of such
age-related changes, which in general have pathological effects, but this chem-
istry will not be reviewed here.

2
Fibril-Forming Collagens (Types I, II, III, V/XI)

Most of the research defining the cross-linking pathways from precursor lysine
and hydroxylysine aldehydes in bulk collagen fibrils of major connective tissues
was done over 20 years ago (reviewed in [4, 16–19]). The basic pathways are
shown in Figs. 1 and 2. In the last decade the prominence of pyrrole cross-links
as maturation products in bone collagen and their molecular location have
been established [20].

The two basic pathways, lysine aldehyde vs hydroxylysine aldehyde-initiated,
appear in general to occur in loose vs stiff connective tissues respectively. In 
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Fig. 1 The hydroxyallysine cross-linking pathway. Hydroxylysine residues are the source of
aldehydes formed by lysyl oxidase for intermolecular cross-linking reactions. Mature cross-
links are trivalent pyridinolines. Bone collagen is unusual in that pyrrole cross-links are also
prominent because both hydroxyallysine and allysine participate as precursors
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Fig. 2 The allysine cross-linking pathway. Lysine residues are the source of aldehydes formed
by lysyl oxidase for intermolecular cross-linking reactions. Histidine can participate in 
mature cross-link formation, notably in skin collagen



detail, the tissue specificities and the pathways are more diversified, with 
elements of both pathways and both precursor aldehydes combined in some
specialized tissues, for example in bone type I collagen [20]. Historically, the 
lysine aldehyde pathway (Fig. 2) was easier to study since the initially-formed
aldimines are cleaved at low pH allowing the collagen monomers to be solubi-
lized from rat skin and tail tendon in 0.5 M acetic acid [19]. On the hydroxyly-
sine aldehyde pathway (Fig. 1), neither the initial cross-links nor their matu-
ration products were labile so these collagens were insoluble making molecular
analysis more difficult. The natural fluorescence of the pyridinoline cross-
links (Fig. 1) allowed peptides to be isolated and their molecular sites of ori-
gin to be worked out [21–23]. In the last decade the greatest attention in the lit-
erature to pyridinoline residues, and to collagen cross-links in general, is from
publications reporting assays of these residues and peptides containing them
in blood and urine as biomarkers of bone resorption and connective tissue
degradation. Because pyridinolines cannot be metabolized, their levels in blood
and urine provide a measure of the amount of collagen and hence tissue from
which they were proteolytically derived.

Variations in cross-linking chemistry appear to be more tissue-specific than
collagen type-specific. This is understandable if a single cell type synthesizing
multiple collagens passes them through the same processing enzymes and 
endoplasmic reticular pathway. The basic pathway of cross-linking is regulated
primarily by the hydroxylation pattern of telopeptide and triple-helix domain 
lysine residues. The flanking sequences around the cross-linking lysine residues,
however, can affect the ensuing chemistry. An example is the participation of a
histidine residue in the formation of the mature trivalent cross-links found in
skin type I collagen (Fig. 2). A histidine in the a2(I) chain (of a third collagen
molecule) reacts with a vicinal aldimine cross-link formed between a lysine
aldehyde and a hydroxylysine residue in two 4D-staggered collagen I molecules
[24, 25]. The pitch of collagen molecules packed in skin collagen fibrils is
thought to facilitate this addition reaction to histidine [26], but whether it is
fortuitous or provides a functional advantage to dermal collagen is unknown.
Older studies had observed that the helical domain hydroxylysine at this loca-
tion in the a1(I) chain was glycosylated in skin, but not in tendon [27]. Notably,
the histidine-containing mature cross-link HHL (histidinyl hydroxylysino-nor-
leucine), is not found in tendon collagen, which raises the possibility that 
glycosylation might drive HHL formation. It has been observed that pyridino-
line residues (hydroxylysyl pyridinoline) can still be formed when glycosylated
hydroxylysine occurs in the helix, for example at the C-telopeptide to N-helix
site in bone collagen [20]. But at the N-telopeptide to C-helix cross-linking site,
the helical hydroxylysine is not glycosylated. Again the biological significance
of these differences is unknown.

Edman N-terminal sequence analysis of cross-linked peptides isolated from
protease digests of tissue collagens has revealed intermolecular cross-linking
between types I and III collagens (e.g., from aorta [28, 29]) and types I and II
collagens (e.g., from intervertebral disc [30]). Unequivocally proving covalent
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structures rather than peptide mixtures is difficult using chromatography and
N-terminal sequence analysis alone. Mass spectrometry promises to be a valu-
able tool in such studies. Preliminary data from purified cross-linked trimeric
peptides indicate characteristic MS/MS fragmentation patterns. Figure 3 shows
an example of MS/MS data from tandem mass spectrometry of a homotypic
fragment from human cartilage type II collagen.

Types V and XI collagens are quantitatively minor molecular species that are
found copolymerized with collagens I and II respectively, and are believed to
form a filamentous scaffold or template on which the bulk fibrillar collagens 
co-polymerize. The gene products represented in these molecules can in fact
assemble in a variety of heterotrimeric chain combinations, not just type V
([a1(V)]2a2(V)) and type XI ([a1(XI)] [a2(XI)] [a3(XI)]) molecules, but also
novel tissue-specific chain associations [31–33]. Collagen type V/XI is best
considered as a distinct sub-family of the fibril-forming collagen molecules.
The same basic pattern of cross-linking, employing lysyl oxidase, and the
telopeptide-to-helix location of intermolecular bonds occurs in these mole-
cules. Homologous cross-linking sites (lysines) to those in types I, II and III
collagens are evident in the protein sequences (Fig. 4), consistent with their
evolutionary origin from a single founder gene [2].

Analyses of cross-linked peptides isolated from type XI collagen of cartilage
showed only divalent cross-links (hydroxylysino-5-keto-norleucine), not the 
mature form of pyridinoline (hydroxylysyl pyridinoline) that predominates in
type II collagen, the bulk fibril-forming subunit of the copolymer [34]. In addi-
tion, analysis of cross-linked peptides showed that most of the intermolecular
bonds had formed between collagen XI molecules (N-telopeptide to C-helix).
Any inter-type cross-linking was between type II C-telopeptides and the type XI
N-helical site. This is best interpreted if collagen XI had self-polymerized to form
its own filamentous network, at least initially, consistent with its suspected role
as a template for the growth of thick banded fibrils. Similar properties have been
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Fig. 4 Amino acid sequences at the four primary cross-linking sites in fibrillar collagens.
Related sequence motifs can be found in all the fibrillar collagen gene products



found for type V collagen isolated from bone [35]. The primary cross-links were
divalent (hydroxylysino-5-keto-norleucine) and they linked type V molecules 
between N-telopeptides and the C-helix site in a head-to-tail manner. Cross-links
from the C-telopeptide of type I collagen to the N-helix site of type V were also
found. The data on mature bone fit a special role for a hybrid type V/XI collagen
molecule, [a1(V)a1(XI)a2(V)] [32], as a component of the filamentous template
of the type I collagen-based fibrillar network of bone matrix.

3
Fibril-Associated Type IX Collagen of Cartilage

In addition to the fibril-forming collagen molecules (and basement membrane
type IV collagen), 30 or more other molecular forms of collagen function in the
extracellular matrix or at cell surfaces. Of these, only type IX collagen has been
established to use the lysyl oxidase-mediated pathway of cross-linking.Within
the diverse FACIT sub-family of collagen molecules (fibril-associated collagen
with interrupted triple-helix [36]) therefore, collagen IX is the only member
known to cross-link by the lysyl oxidase mechanism. Collagen IX cross-linking
is extensive, highly evolved and presumably central to the protein’s function as
an adapter molecule on the surface of nascent type II collagen fibrils.All three
collagen IX chains, which in birds and mammals are each the product of a 
distinct gene, appear to have diverged from a common ancestor after earlier
whole or partial genome duplications. Each chain has two or three sites through
which lysine-mediated cross-links can form and each displays unique speci-
ficity in its evolved cross-linking interactions. Through a series of studies over
the last decade, we have defined the cross-linking sites and nature of the cross-
linking of collagen type IX [37–41] (Fig. 5). The experimental approach has 
focused on isolating and structurally identifying peptides containing cross-
linking residues (using fluorescence to track pyridinolines, and NaB3H4 to 
stabilize and tritium-label divalent cross-links). Conventional Edman-sequenc-
ing and, more recently, liquid chromatography/electrospray mass spectrometry
(LCMS [41]) have been the methods of choice. LCMS is clearly a powerful tool
for the future for defining complex cross-linking mechanisms in collagens and
other extracellular matrix proteins.

Collagen IX has evolved to cross-link to collagen type II. The positioning of
cross-linking sites along the molecule predicts their spatial inter-relationship.
Figure 6 shows a molecular interaction model that can accommodate all six
known cross-linking sites, and their interaction partner residues in type II col-
lagen and other type IX collagen molecules. This packing arrangement requires
an antiparallel relationship between the central type IX COL2 triple-helical do-
main and type II collagen molecules on a fibril surface and the type IX COL1
domain to be folded back on the COL2 domain as shown.All the known bonds
[22, 37, 38, 41] can then be accommodated with the correct axial spatial align-
ments for cross-link formation.
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Clearly it will be important to define the molecular interactions that regu-
late this complex cross-linking cascade, which also includes the participation
of collagen type XI, acting as a template filament within the composite fibril.
Are monomers of collagen IX transported extracellularly before they interact
with nascent (thin) collagen II/XI co-assemblies, or is a discrete element of the
collagen II/IX/XI heteromer pre-fabricated inside the cell in a secretory com-
partment, which can polymerize extracellularly with the addition of type II col-
lagen monomers? It is known that collagens IX and XI are most concentrated
(with their highest ratios to collagen type II) in developing cartilage and in the
immediate pericellular zone of chondrocytes [42–44].As cartilage matures, the
ratios of collagen II to collagens XI and IX rise to about 96:3:1 from 80:10:10 in
fetal cartilage [39].

What is the function of collagen IX? Why are covalent bonds needed to 
anchor it to the surface of collagen II fibrils and to link adjacent collagen IX
molecules? A mechanical role in strengthening the fibrillar matrix is reasonable
to suspect. The interaction scheme shown in Fig. 6 suggests how interfibrillar
cross-links might also form and so add to network stability, but the existence
of such bonding will be hard to rule in or out. It does appear that the presence
of collagen IX is not crucial for skeletal growth, since mice engineered with ho-
mozygous null genes for COL9A1, in which type IX collagen is functionally
knocked out [45], appear normal at birth [45, 46]. They do, however, develop os-
teoarthritis with progressive destruction of joint cartilages [46], as do mice and
humans expressing mutated forms of collagen IX genes [47, 48]. Collagen IX
therefore may be required for mechanically durable mature cartilages. Perhaps
the three-dimensional meshwork of developing fibrils is locked as a template
outside the cell through the covalent interactions of collagen IX. Without a 
covalently-stabilized template, the mature collagen network may be more sus-
ceptible to proteolysis, detrimental effects of mechanical loads and less able to
endure repetitive injury and repair cycles.
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Fig. 5 Cross-linking sites in type IX collagen. Seven sites (hydroxylysine or lysine residues)
in total have been identified, two each in a1(IX) and a2(IX) and three in a3(IX)



216 D. R. Eyre · J.-J. Wu

Fig. 6 A proposed model of interaction of type IX collagen with type II collagen that can 
accommodate all the cross-linking sites shown in Fig. 5. Folding back of the type IX COL1
domain on COL2 and an antiparallel alignment of the molecular on the surface of the type II
collagen polymer can accommodate all the cross-linking interactions in the type IX collagen
molecule. Potential inter-fibrillar bonds are also illustrated. The type II collagen fibril surface
is shown acting as a template to bind and position adjacent type IX collagen molecules to
cross-link to each other



The complex structure of the cartilage heterofibril network presents a chal-
lenge for understanding how the various enzyme-controlled steps in fibril
growth are orchestrated. Lysyl oxidase must continue to create aldehydes on
multiple sites on the interacting structural molecules without interfering 
spatially with the addition of new subunits or the propeptidases that remove
the globular propeptides from II and XI procollagen molecules. The procession
of protein interactions driving these and other activities on the fibril surface
will be important to understand.

Inspection of the gene sequences for the other FACIT family members 
reveals no obvious homologies to suggest candidate cross-linking lysines in
domains comparable to those in type IX collagen. One possible exception is
COL21A1, which has a candidate lysine in its C-terminal NC1 domain, which
also is short as in the three type IX collagen chains [49]. Little is yet known
about the tissue distribution and properties of collagen XXI, for example
whether it binds to collagen fibrils and so could act in a similar manner to 
collagen IX. It does not appear to be present in cartilage.

4
Basement Membrane Type IV Collagen

Basement membrane collagens are ancient (>500 million years [50, 51]), having
evolved in primitive metazoa as early or earlier than the fibril-forming colla-
gens. Hydra, a simple organism formed from two cell layers that secrete and
sandwich the mesoglea, an extracellular layer, has been shown to express genes
for a basement membrane collagen that is homologous in sequence to vertebrate
type IV collagen and for a fibril-forming collagen [52, 53].

The open molecular networks that collagen type IV molecules form [54, 55]
provide the framework for an assortment of proteins and proteoglycans that
characterize the basement laminae that underlie most endothelial and epithe-
lial cell layers. Early work indicated that vertebrate type IV collagen molecules
are cross-linked covalently by disulfide bonds and bonds derived through the
aldehyde-initiated lysyl oxidase mechanism [56]. Lysyl oxidase-mediated cross-
links and disulfides were found in the 7S domain, a cross-linked tetramer of
N-terminal globular domains, and also in preparations of the dimeric C-termi-
nal NC1 domains. Recent work has concluded that the apparent non-reducible
cross-link (suggesting a lysyl oxidase product) in the NC-1 dimer, was in fact
a stable disulfide bond that required a high concentration of mercaptoethanol
to break [57]. On the other hand, a high-resolution X-ray crystallographic
study has indicated a strong spatial association between a methionine and a
lysine side-chain in this domain [58], suggesting a novel covalent intermole-
cular bond although the chemical nature of the link was not determined.
Whether lysyl oxidase-mediated cross-links ever occur in type IV collagen still
seems to be an open question. Both divalent cross-links (hydroxylysino-5-
keto-norleucine; [56]) and evidence for pyrroles [59] have earlier been noted,
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but the low yield of divalent cross-links implied that the main cross-links 
remained unidentified.

An alternative explanation is that the low levels of known collagen cross-
links had come from other collagen contaminants rather than from type IV col-
lagen itself, and that in fact type IV collagen networks are not cross-linked by
the lysyl oxidase mechanism. To resolve this question, more definitive data on
cross-linked purified peptides are needed. On current evidence it seems that
cystine disulfides and strong hydrophobic interactions may explain the cross-
linking properties of type IV collagen [55]. The collagen type IV gene product
of Hydra vulgaris lacks a 7S domain in its sequence by comparison with the six
vertebrate collagen IV genes, and the stable non-reducible cross-links recently
noted in its NC1 domain [52] could be an unusually stable disulfide, as recently
concluded for this domain from vertebrate type IV collagen [57]. The highly
conserved cysteine distribution patterns in the type IV collagens of Hydra and
vertebrates support this possibility [52].

5
Lysyl Hydroxylases Regulate Tissue-Dependent Patterns of Cross-Linking

From the structures of the lysyl oxidase-mediated cross-links and tissue-
specific differences, it has long been suspected that one or more telopeptide
lysyl hydroxylases must exist to regulate the different cross-linking pathways.
Only recently has direct evidence for such a gene product been found. Bank
and colleagues discovered that the defect in Brück Syndrome, a heritable 
disorder of bone resembling osteogenesis imperfecta, eliminated pyridino-
lines and other hydroxylysine aldehyde-based cross-links from bone collagen
[60], implying a defect in the putative telopeptide hydroxylase. In the first
family studied, it turned out that the chromosomal locus linked to disease 
expression was not the hydroxylase, and the effect was probably through an
associated gene product. This was revealed later in a study of two other 
families expressing the Brück Syndrome phenotype and the same abnormal
pattern of bone collagen cross-linking, in which disease-causing mutations
were identified in PLOD2 (procollagen-lysine 2-oxoglutarate 5-dioxygenase,
also known as lysyl hydroxylase 2 or LH2) [61], one of the three human genes
that encode lysyl hydroxylase isoforms [62–65]. PLOD2 can be expressed in
two alternative splicing variants, LH2a and LH2b, where LH2b contains the
product of an extra exon [66]. Studies on skin fibroblasts from patients with
systemic sclerosis, which features skin progressively fibrotic in which the 
collagen had higher than normal levels of hydroxylysine-aldehyde cross-links,
showed overexpression of LH2b, which is concluded to be the telopeptide 
hydroxylase [61].

The molecular basis of another genetic disease, Ehlers-Danlos Syndrome
type VI (EDS-VIA) caused by mutations in PLOD1 (LH1) [67–69], have helped
in understanding how the chemical quality of collagen cross-linking is con-
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trolled in vivo. In EDS-VIA, active PLOD1 expression is eliminated and in bone
collagen, HP (hydroxylysyl pyridinoline), is replaced by LP (lysyl pyridinoline),
which means that the specific triple-helical cross-linking lysines that donate 
the ring-nitrogen side-chain of pyridinolines are underhydroxylated [70, 71].
In addition, skin type I collagen of EDS-VI patients essentially lacks any hy-
droxylysine residues, whereas bone type I collagen has about 50% of normal
hydroxylysine. EDS-VIA cartilage type II collagen has 90% of the hydroxyly-
sine content of normal cartilage but its HP/LP ratio is abnormally low [71].
Together these findings reveal tissue-specific and molecular site-specific dif-
ferences in the relative contributions of LH1, LH2 and LH3 to triple-helical do-
main lysine hydroxylation.Also, the product of PLOD1 (LH1) is a helical lysyl
hydroxylase that favors lysine residues as substrates at the two triple-helical
sites of cross-linking in fibrillar collagens. In considering how these hydrox-
ylases may regulate cross-linking, another property that may be important is
the apparently additional activities of LH3 as both a galactosyl transferase and
glucosyl transferase for collagen [72–74]. Since glycosylated hydroxylysines at
cross-linking sites can participate in cross-linking, this may turn out to be 
another regulatory step. Notably in EDS VIA in skin collagen lacking any 
hydroxylysine, the cross-link later identified as HHL (Fig. 2) was missing
(Eyre, unpublished). This suggests that lysine cannot substitute for glycosy-
lated hydroxylysine (which is the helix donor residue) and form the lysine
homologue (see Fig. 2).

In bone collagen the lysyl hydroxylase-mediated control mechanisms for
cross-linking must be especially fine-tuned.Each triple-helical domain lysine and
telopeptide lysine that goes on to form cross-links is partially hydroxylated in a
site-specific manner. This produces the characteristic ratio of HP/LP and of py-
ridinolines to pyrroles that typify bone collagen. Presumably, expression levels of
lysyl hydroxylase 1, 2 and 3 by osteoblasts and the local sequence context of the
individual chains in which the cross-linking lysines occur, dictate the pattern.
Analysis of the eventual cross-link composition of peptides from each locus can
be used to estimate the original degrees of lysine hydroxylation [20]. Figure 7
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Fig. 7 A pattern of partial hydroxylation of cross-linking lysine residues in bone collagen
regulates this tissue’s distinctive cross-linking chemistry. The cross-link properties and
yields of cross-linked peptides from the four primary loci are the source for the degrees of
hydroxylation indicated [20]



summarizes the information from such analyses of normal human bone colla-
gen. How this affects or relates to the lateral organization of molecules in bone
collagen fibrils and the process of mineral crystallite deposition is still not clear,
though suspected to be fundamental to bone properties [75]. In a study of LH1,
LH2 and LH3 in the rat, most tissues expressed mRNAs for all three enzymes,
implying a lack of tissue specificity in lysyl hydroxylase function [76]. However,
collagen site-specific hydroxylation is probably regulated at more than one level
of gene and protein expression.

6
Bone and Mineralized Tissue Collagens

A surge of interest in the last decade in collagen cross-links as clinical bio-
markers of bone turnover has drawn attention to the cross-linking properties
of bone collagen. It has long been noted that the cross-linking of collagen in
bone, and other tissues that mineralize (dentin, calcified tendons) is distinctive,
and probably functionally related to the intimate relationship between mineral
crystallites and the packing arrangement of collagen molecules in fibrils [77,78].
The mechanism, using both lysine aldehydes and hydroxylysine aldehydes, is
distinctive and produces roughly equal amounts of pyridinolines and pyrroles
as the mature cross-linking residues (see Fig. 1). Each type of cross-link is 
distributed site-specifically. Pyrroles, for example, are concentrated at the 
N-telopeptide-to-a2(I) chain C-helix [20]. Lysyl pyridinoline is also more
abundant in general at the N-telopeptide-to-C-helix locus.

The structural quality of the trabecular architecture of human cancellous
bone was found to be linked to the ratio of pyrrole to pyridinoline cross-links
[79]. Also, a change in the cross-linking pattern along turkey tendons just be-
fore they mineralize suggests a causative relationship between cross-linking
quality and mineralization [80]. In a fracture repair model, the ratio of HP/LP
and hydroxylysine content of the callus collagen was strongly related to the 
degree of fibril mineralization [81]. Methods for detecting cross-linking
residues spectroscopically in sections of bone tissue using FTIR show promise
in exploring this further [82–84]. Pyrrole cross-links, which are not stable to
acid hydrolysis, are difficult to quantify and characterize. A method that uses
biotinylated Ehrlich’s reagent to derivatize the residues prior to isolation has
been reported [85]. Lysyl pyridinoline, a recognized biomarker of bone collagen,
has now been synthesized as a standard and reagent source for developing bio-
marker immunoassays [86].

A further form of pyrrole cross-link, a trivalent pyrroleninone, has been 
tentatively identified in an acid hydrolysate of dentin collagen (Fig. 8) [87], in
addition to the pyridinolines, pyrroles and ketoamines already described.

In another study using an antibody that recognizes the C-telopeptide of the
a1(I) chain, both cross-linked and uncross-linked forms of this domain were
isolated from trypsin-digested human bone collagen [88]. Of the trivalent
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cross-linked structures, a significant fraction could not be explained by pyrroles
or pyridinolines, implying an unidentified cross-linking residue.

Higher levels of pyridinoline cross-links and hydroxylysine were found in
bone from patients with osteogenesis imperfecta (clinical types I, II and III)
compared with normal bone [89].Although this suggests no gross disturbance
in molecular packing of collagen molecules in fibrils, the potential that colla-
gen/mineral inter-relationships are subtly disturbed deserves more attention as
a source of the bone fragility.

7
Collagen Cross-Links as Biomarkers

Results from searching the literature on collagen cross-linking are heavily
weighted over the last decade with reports from clinical studies that measured
pyridinolines or cross-linked telopeptides in body fluids as molecular markers
of bone turnover (reviewed in [90–94]). These cross-linking amino acids, and
peptides containing them, are found in blood as products of collagen proteo-
lysis which survive into urine. Pyridinolines are quantitatively excreted in the
form of the free amino acids and small peptides, there being no degradation
pathway in the liver. Initial reports showed that the total pool of pyridinolines
(HP plus LP) in urine, quantified after acid hydrolysis by HPLC, can provide a
more specific index of systemic bone resorption than hydroxyproline, a long-
used marker [95–99]. Even more specific immunoassays were then introduced
that targeted short telopeptide fragments attached to the cross-linking residues
using specific antibodies [100–102]. It was discovered that peptide degradation
products of the two cross-linked domains of bone collagen (N-telopeptide-to-
helix or NTx,and C-telopeptide-to-helix or CTx) surviving into blood and urine,
fell into discrete chromatographic pools of low molecular weight (<2 kDa)
[100–103].Antibodies could be tailored that recognized the core peptide com-
ponents as neoepitopes. Immunoassays were developed that are specific to type I
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Fig. 8 A novel pyrroleninone cross-link isolated from bovine dentin in addition to pyridi-
nolines, pyrroles and divalent keto-amines
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collagen (peptide sequence specificity) and to cleavage products peculiar to the
cathepsin K-initiated pathway of proteolysis which osteoclasts use to degrade
bone collagen [104, 105].

Figure 9 shows an NTx peptide structure recovered from urine. Using in-line
microbore reverse-phase HPLC and electrospray mass spectrometry, two stereo-
isomers of the peptide can be resolved, which differ in MS/MS fragmentation
pattern. This can be explained by an interchanged placing of their N-telopeptide
side-arms (a1(I) and a2(I)) on the 3-hydroxy-pyridinium ring of the trivalent
cross-linking residue as shown. Mass spectrometry reveals a favored primary
fragmentation product on MS/MS that we presume depends on the pyridinium
ring positions of the peptide arms. This information can help in defining the 
origin and preferred path of interactions of the three precursor collagen se-
quences giving rise to each trivalent structure. Liquid chromatography/mass
spectrometry also resolved the HP and LP forms of the cross-links (Fig. 9 shows
the spectra for the LP stereoisomers).

Although bone collagen is the principal source of pyridinoline cross-links
in urine, other tissue collagens also contribute. For example, specific fragments
from cartilage type II collagen have been identified [106] and targeted for im-
munoassay as a biomarker of cartilage breakdown [107]. The main source in
urine of these discrete peptides from type II collagen we believe is from osteo-
clastic breakdown of mineralized cartilage by osteoclasts. Levels are extremely
high in growing children with open growth plates, supporting this conclusion
[108]. Patients with osteoarthritis show on average higher levels than control
subjects [109] and, in a study of high-performance athletes, runners showed
higher levels than swimmers or rowers [110]. Accelerated joint remodeling is
the likely explanation for the raised levels in adults.

8
Other Mechanisms of Collagen Cross-Linking

8.1
Cystine Disulfides

For most non-fibrillar collagens of the extracellular matrix (e.g., type IV collagen,
see earlier) cystine cross-links may be the only source of covalent intra- and in-
ter-molecular bonds. Type VI collagen forms a characteristic banded filamentous
network in which the chains are cross-linked as molecules, dimers and tetramers
by disulfides. No lysine-mediated or other cross-links are present [111].

8.2
Gamma-Glutamyl Lysine Cross-Links

In addition to lysyl oxidase-mediated cross-links, there is indirect evidence that
transglutaminase-mediated cross-links might also be involved in the process
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of polymerization of collagen networks [112–114]. Candidate glutamine sub-
strate sites have been identified for transglutaminase, but no partnering lysine
residues for natural cross-link formation have been defined.

Tissue transglutaminases, related to Factor XIII in the blood-clotting cascade,
are a family of Ca++-dependent enzymes thought to be active in the covalent
cross-linking of certain extracellular matrix proteins. They catalyze the linkage
of specific glutamine and lysine side-chains by a transamidation reaction to
form epsilon (gamma-glutamyl) lysine cross-links [112–114]. A role in bone 
matrix is suspected [115]. Methods of identification of transglutaminase-me-
diated cross-links rely on the use of tritiated putrescine or cadaverine to label
candidate glutaminyl cross-linking sites. No new technique has been developed
in the last decade. Several [3H]putrescine-binding sites have been identified in
collagens III, V, XI and XVI. The potential glutamine sites are present in the
aminopropeptide of type III collagen, the non-triple-helical telopeptides of
a1(V) and a1(XI) chains, and the N-terminal noncollagenous domain (NC11)
of a1(XVI) chain [116–118]. However, none of the other cross-linking partners,
the lysine sites, have been identified or suggested.

8.3
Tyrosine-Derived Cross-Links

The cuticles of C. elegans and other nemotodes consist of short-helix collagen
polymers cross-linked by dityrosines and trityrosines [119, 120]. The lysyl 
oxidase mechanism does not operate. Instead a peroxidase is responsible. The
enzyme catalyzing worm cuticle collagen cross-linking is a membrane-bound
dual oxidase/peroxidase referred to as Duox [121].A homologue to this enzyme
is expressed in human tissues, but whether it has a similar function in gener-
ating extracellular di- and tri-tyrosine cross-links is unknown. Low levels 
of such cross-links can be found in vertebrate tissues but whether they are
formed specifically or as an oxidative byproduct (e.g., in inflammation) is still
unclear.

8.4
Types VIII and X Collagens

These homologous short chain molecules form hexagonal lattices. There is 
evidence that collagen type X, restricted to the hypertrophic and mineralized
zones of growth plate cartilages, is cross-linked by the lysyl oxidase mechanism
[122, 123], in addition to interchain disulfide bonding. However, site-specific
cross-linked peptides need to be isolated to establish a role for lysyl oxidase-
mediated cross-links. It is clear, nevertheless, that unusually strong hydrophobic
interactions occur between the C-terminal globular domains in the hexagonal
networks that these collagens form.
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9
Outlook

The functional significance of the differences in cross-linking chemistry be-
tween tissue types is not clear. Imposed packing constraints on collagen mol-
ecules through the placement of cross-links may be more significant than the
chemistry of the links themselves. On the other hand a reversible cross-linking
chemistry may offer benefits, for example, in facilitating the mineralization of
collagen fibrils in bone by allowing mineral crystallites to interdigitate and
push apart the filamentous elements making up a fibril. Pyrrole cross-links are
also thought to confer special qualities to bone collagen fibrils, perhaps related
to the unique capacity of bone collagen to mineralize. The function of the pyr-
role cross-links and significance of the link observed between the microscopic
character of bone trabeculae and the ratio of pyridinoline to pyrrole cross-links
need further study.

The functional significance in general of the trivalent cross-links, which can
link three adjacent-collagen molecules, two in register and a third staggered by
a 4D-overlap (where D=1/4.4 of the molecular length), is not clear. These per-
manent, end-products of hydroxylysine-aldehyde cross-linking are associated
with tough connective tissues that bear high loads and are subject to minimal
turnover. Whether they add mechanical strength of a particular quality, for 
example preventing lateral slippage between sub-elements of fibrils or offer a
mechanism for interfibrillar bonding, is not known.

Perhaps the most important questions driving current research are aimed
at understanding the cellular mechanisms that control tissue-specific differ-
ences in collagen cross-linking chemistry. Pivotal enzymes clearly include the
three known lysyl hydroxylases, one of which (PLOD2) is believed to act on
telopeptide lysines and so adapt the nascent collagen to cross-link via the 
hydroxylysine aldehyde pathway. This pathway is associated with normally
tough connective tissues and with pathological fibrotic conditions. Molecular
mechanisms that control the expression and activities of these regulatory gene
products in different cell types will be important to define.
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