Collagen: Molecular Diversity in the
Body’s Protein Scaffold

Collagen is the commonest protein in
the animal world; it provides an extra-
cellular framework for all multicellular
animals. Although most abundant in fi-
brous connective tissues (Fig. 1), colla-
gen appears in some shape or form in vir-
tually every tissue. It provides (i) the
ropes and straps (tendons and liga-
ments), (i) woven sheets (skin and fas-
cia), (iii) filtration membranes (glomer-
uli), (iv) supporting skeleton reinforced
with mineral salts (bone and dentin), (v)
bearing materials lubricated with pro-
teoglycans (cartilage and intervertebral
disk), and (vi) other special tissues that
must be strong and yet have unusual
properties, such as the light-transmit-
ting cornea and fatigue-resistant heart

David R. Eyre

Common Structural Features

The definitive property of all collagen
molecules is the triple helix, a unique
protein conformation that is a coiled coil
of three polypeptide subunits, or «
chains (Fig. 2). Each « chain twists in a
left-handed helix with three residues per
turn, and the three chains are wound to-
gether in a right-handed superhelix to
form a rodlike molecule about 1.4 nm in
diameter (7). In the common collagens,
the « chains each contain about 1050
amino acid residues and the molecule is
300 nanometers long. A nomenclature
for the subunit composition of different
collagen molecules has evolved where
lal(D)],a2 is type I, [al(I])], is type II,

Summary. Intensive research in the last decade has revealed a wealth of detail on
the mechanism of biosynthesis, molecular structure, and covalent cross-linking of
collagen. Tissues of higher animals express a family of at least five genetically distinct
types of collagen molecule, each apparently tailored for different construction work
outside the cell. Within each genetic type of collagen, further chemical heterogeneity
is also evident; the variations in hydroxylation, glycosylation, and cross-linking are
dependent, for example, on tissue type, age, and hormonal status. The functional
significance of collagen’s molecular diversity and its control by different cells and tis-
sues are not yet well understood but abnormalities of collagen in many human dis-
eases keep this protein a focal molecule of medical research.

valves. Only in the last decade has colla-
gen’s diversity and fine-tuning at the mo-
lecular level begun to be appreciated. It
is now clear that collagen really de-
scribes a family, and probably several
families, of specialized molecules, each a
genetically distinct type that has evolved
for a particular structural function out-
side the cell.

This article outlines what is known
about the molecular structure of verte-
brate collagens. Several reviews are
available for details on the various topics
(1-4) and Gross's earlier review gives a
full account of the growth of collagen bi-
ology (5). Invertebrate collagens, which
vary greatly in composition but are basi-
cally similar to vertebrate collagens,
have been reviewed (6).
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and [« 1(II1)]; is type III. The functional
form of each of these three common col-
lagens is the fibril, an ordered molecular
polymer visible by electron microscopy
as banded structures in the extracellular
matrix of connective tissues (Fig. 1). Fi-
brils can range from 10 to 200 nm in di-
ameter, depending on the collagen type
and the tissue. Collagen fiber is the term
usually reserved for the ordered fibrillar
aggregates seen by light microscopy.
Glycine is the only amino acid small
enough to cluster down the central core
of the molecule, and every third residue
in each « chain within the triple helix is a
glycine residue. At both ends the termi-
nal sequences (telopeptides) are not
triple helical and lack glycine at every
third residue (8). These telopeptides are
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primary sites of cross-linking in the
molecule. A general formula for the «
chains of types I, II, and III collagens
minus their telopeptides is (Gly-X-
Y )340+2. Proline and 4-hydroxyproline to-
gether account for about a third of the X
and Y positions, that is, a quarter of the
total residues, with 4-hydroxyproline
limited to Y. Restrictions on chain con-
formation imposed by the ring structures
of proline and hydroxyproline strengthen
the triple helix and stiffen the molecule
(7). The special function of hydroxy-
proline remained a mystery until about 7
years ago, when its hydroxyl group was
shown to be essential for stabilizing the
triple helix, probably via intrachain or
hydrogen bonds bridged through water
molecules (7, 9). The crucial observation
was that partially hydroxylated mole-
cules, synthesized by cells in which hy-
droxylation was experimentally blocked,
denatured (that is, the chains unwound)
at a lower temperature than fully hydrox-
ylated molecules (9). In short, with fewer
interchain hydrogen bonds possible, the
native helix is thermodynamically less
stable. About 90 residues of 4-hydroxy-
proline per « chain are needed to pre-
serve the triple helix of collagen mole-
cules in solution at a body temperature
of 37°C (3). Hydroxyproline is one of
several modified amino acid residues
made by posttranslational enzyme reac-
tions that are essentially peculiar to col-
lagen and whose main function seems to
be to stabilize the molecule and the fibril.

Genetically Distinct Collagens

At least, seven different collagen «
chains (comprising five different mole-
cules or more) have been firmly identi-
fied as distinct gene products in higher
animals (Table 1). As a broad concept,
the different collagen types appear to be
segregating into two major classes, as
judged by their location and function
outside the cell. Most familiar are the
fibrillar, interstitial collagens that form
the bulk, extracellular fabric of the major
connective tissues, such as skin, bone,
tendon, ligaments, and cartilage (for ex-
ample, type I collagen in Fig. 1). A sec-
ond class of less abundant collagens, as
yet poorly defined, appears to be located
in the immediate pericellular environ-
ment, perhaps as part of the cell's ex-
ternal skeleton, and to have a finer tex-
ture. The collagens of the specialized
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Fig. 1. Fields of coarse collagen fibrils (type I) and their parent fibroblasts. Electron-micrograph
of outer periosteum. [Courtesy of M. E. Holtrop and F. D. Shapiro]

basement laminae of epithelial cell layers
can be assigned to the latter, but should
perhaps be considered in a specialized
class of their own.

Interstitial collagens. Of the inter-
stitial collagens, the most intensively
studied is the molecule now known as
type I. A decade ago it was the only
know molecular type of collagen in high-
er animals. It accounts for about 90 per-
cent of the collagen in the body, being
almost the only collagen in bone and ten-
don; it is predominant in skin, fascia, and
many other connective tissues (2). The
type I molecule, [a1(I)],a2, unlike types

II and 111, is the product of two structur-
al genes; it has been proposed that the
one nonidentical a2 chain provides infor-
mation, not possible in types that have
three identical chains, that can regulate
the way in which the molecules are ori-
ented and cross-linked in the fibril (/0).
The type I molecule is the best devel-
oped of the collagens for forming large,
well-organized fibrils and seems to be
the molecule present where tensile
strength is important.

The first hard evidence for genetic
polymorphism of collagen in higher ani-
mals was the discovery of the «al(Il)

chain and its parent type II collagen
molecule in hyaline cartilage (//). This
molecule is the product of a single gene
and has the subunit composition
[a1(II)];. The nomenclature stems from
the similar elution positions of a1(I) and
al(I) chains during ion exchange chro-
matography on carboxymethyl cellulose
(11). Although clearly homologous to
al(I), the «l(I) chain has a different
amino acid sequence (/2) and is, there-
fore, a distinct gene product. Discovered
in chicken cartilage, type II is now
known to be the collagen of most mam-
malian hyaline cartilages (2) and is also
present in the intervertebral disk (/3) and
the notochord (/4). In the eye, it is pres-
ent in the adult vitreous body (/5) and is
synthesized by cells of the developing
neural retina (/6, /7) and of the corneal
epithelium (/7, 18).

Type 111 collagen, of subunit composi-
tion [a1(ILD)]; (/9), is another gene prod-
uct, which accounts for about 10 percent
of the collagen in adult skin, 50 percent
in fetal skin, and 10 to 50 percent of the
collagen of blood vessels, synovial mem-
brane, uterus, spleen, granulation tissue,
and reticular connective tissues in gener-
al. It is essentially absent from normal
bone, tendon, and most cartilages. Type
III is believed to be the collagen of the
fine reticulin fibers observed by histolo-
gists, an impression supported by elec-
tron microscopy with ferritin-labeled
antibodies specific for type III (20).
These three types, I, II, and III, are the
major fibrillar collagens of the body;
their native fibrils exhibit the same char-
acteristic 64- to 67-nm axial periodicity
under the electron microscope (217).

Basement membrane and pericellular

Table 1. Genetically distinct vertebrate collagens. At least five different molecules containing seven genetically distinct o chains are present in

higher animals.

Tissue distribution

Distinctive features

Skin, tendon, bone, dentin, fascia;
widespread

Cartilage, nucleus pulposus, noto-
chord, vitreous body (2, 11-18)

Skin, uterus, blood vessels; ‘ ‘retic-
ulin’’ fibers generally (/9-21)

Kidney glomeruli, lens capsule; Des-
cemet’s membrane; basement lam-
inae of all epithelial and endothelial
cells? (22)

Widespread in small amounts (24 -
29); basement lamina of smooth
and striated muscle cells? exo-
skeleton of fibroblasts and other
mesenchymal cells?

Low content of hydroxylysine; few sites of
hydroxylysine glycosylation; broad fibrils

High content of hydroxylysine; heavily gly-
cosylated; usually thinner fibrils than type I

High content of hydroxyproline; low content
of hydroxylysine; few sites of hydroxy-
lysine glycosylation; interchain disulfides
between cysteines at the carboxyl end of
the helix; long carboxyl telopeptide (57)

Very high content of hydroxylysine; almost
fully glycosylated; relatively rich in 3-hy-
droxyproline; low alanine content; retains
procollagen extension pieces

High content of hydroxylysine; heavily gly-
cosylated; low alanine content; fails to
form native fibrils in vitro

Molecular Native
Type formula polymer
I [al(D)]a2 Fibril
11 [al(ID]3 Fibril
111 [a1(1ID)], Fibril
v [ 1(IV)]; (ten- Basement
tative, under lamina
dispute)
\% aA(aB), or Unknown
(aA); and
(aB);
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collugens. Type 1V collagen is the name
originally given to collagen recovered
from certain thick basement membranes
of specialized epithelia and endothelia
that include kidney glomeruli, lens cap-
sule, and Descemet’'s membrane of the
eye. This collagen is not fibrillar when vi-
sualized by electron microscopy, and it
has a distinctive amino acid composition
with a high content of glycosylated hy-
droxylysine (22). The molecular subunits
include globular regions that lack the
triple helix, are cross-linked by disulfide
bonds and, because they are susceptible
to proteolysis, are a source of hetero-
geneity on analysis (23). For some years,
a single collagen type of molecular struc-
ture [al(IV)]; has been a popular model
(22), but this remains controversial and
the subject is now an active research top-
ic among collagen chemists (23). A gen-
erally accepted molecular model is still
lacking, and it may be that the various
types of basal laminae have each evolved
their own type of collagen.

Two newly discovered collagen «
chains, called aA and aB (24) or A and B
(25), have been identified as minor com-
ponents in pepsin digests of various tis-
sues, including placenta (24), blood ves-
sels and skin (25), striated muscle (26),
cultures of smooth muscle cells 27), em-
bryonic tendons (28). infant calvarial
bone, and infant cartilage (29). It was
originally suspected that they derived
from some type of basement membrane
(25, 27), perhaps the amorphous material
surrounding smooth muscle cells (30) as
opposed to epithelial basal laminae. Re-
cent evidence shows that fibroblasts and
other mesenchymal cells are probably
surrounded by these collagens also (29,
31). Undefined cell-surface collagen (32)
and microexudate collagen (33) have
been reported in fibroblast cultures. The
latter was enriched in 3-hydroxyproline
as are the aA and B chains and type IV
collagen. There is still a controversy
whether the «A and aB chains derive
from one or two parent molecules—that
is, aA(aB),, or (a¢A); and (aB),. Varying
ratios of oA to aB recovered from dif-
ferent sources suggested two indepen-
dent molecules (25, 28, 29), but others re-
port a consistent 2: 1 ratio for aB:aA in
their preparations and conclude that the
parent molecule is aA(aB), (24). There is
a growing tendency to call this AB colla-
gen type V.

Chains with similar properties to aA
and aB, called X and Y, were detected in
chondrocyte cultures (34). and two or
possibly three new collagen chains have
been identified in human hyaline carti-
lage (35). One of these newly described
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Fig. 2. Molecular features of collagen struc-
ture from primary sequence up to the fibril.

chains appears to be a highly hydrox-
ylated and highly glycosylated form of
al(Il). which may be related to the obser-
vation from studies of the amino acid se-
quence of al(II) prepared from bovine
cartilage (36) that two homologous vari-
ants of al(II) were present in the prepara-
tion. The other two new collagen chains
from cartilage resembled aA and oB in
composition, but gave different elec-
trophoretic patterns of peptides on
cleavage by cyanogen bromide (CNBr)
suggesting that they were genetically dis-
tinct (35). The bands identified as aA and
aB (Fig. 3) could include the latter two
newly described components.

Type I trimer. A molecule of composi-
tion [a 1()]; has been identified as a prod-
uct of various cell cultures and tumors
(34, 37) and is present normally in skin,
embryonic bones and tendons (38), and
in rat dentin 39). The o« chain appeared
to be identical to a1(I) of type I collagen
by peptide mapping, but whether it really
is the same chain or a closely related ge-
netic variant remains to be seen, as does

the molecule’s function. A similar mole-
cule made by cell lines derived from the
early embryo was proposed to be a dis-
tinct type, which has been referred to as
type V 0). It would seem that the in-
ventory of genetically distinct vertebrate
collagens is by no means complete, and
difficulties with nomenclature may in-
crease as more types are discovered.

Molecules related to collagen. In addi-
tion to the above readily recognizable
collagen molecules, two quite unrelated
proteins contain collagen-like sequences.
These are the Clq subcomponent of
the complement system in the blood
(41), and the enzyme acetylcholines-
terase (42). Presumably the collagen-
like regions are needed for their bi-
ological function, for example, by pro-
viding the molecules with a rigid seg-
ment, enabling them to self-aggregate, or
to interact with collagen. Acetyl-
cholinesterase is believed to be anchored
to basement membranes by its collag-
enous tail ¢2).

A major development in collagen biol-
ogy is the application of immunological
techniques for identifying the various ge-
netic species in situ (43). Specific anti-
bodies have been prepared against each
of the common molecular types and have
been used to locate the collagens in tis-
sue sections by standard immunohis-
tochemical methods (20, 44).

Posttranslational Heterogeneity

Each of the different types of collagen
is by definition the product of one or
more distinct structural genes. There is
also scope for variations in composition
within a molecular type because of the
modified amino acids derived on the
newly translated polypeptides during
biosynthesis or later in the extracellular
environment. Inside the cells, the post-

Fig. 3. Fractionation of different collagen « chains by elec-

trophoresis in sodium dodecyl sulfate-polyacrylamide gels.
This technique can resolve all known genetically distinct
types of a chain except the common forms of «(l) and
al(Il). If the al(Ill) chain were present it would run be-

tween al(l) and aA. (Track a) Salt-soluble collagen from

lathyritic chick cartilage, extracted in the presence of pro-
tease inhibitors. (Track b) The same preparation of native
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collagen molecules after brief treatment with pepsin. Pepsin
treatment of native molecules causes all the chains to mi-
grate slightly farther, presumably because they have been
shortened by removal of their telopeptides. The bands la-

beled @A and aB are identified solely on the basis of their
mobility. Recent evidence from cartilage suggests that
these may represent other rare genetic species distinct from
aA and aB (35). Notice an added complexity in that two
bands appear to be resolved in the aA region of track a.

a b
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translational modifications include hy-
droxylation of proline and lysine resi-
dues and glycosylation of hydroxy-
lysines with galactosyl and glucosylga-
lactosyl side chains; outside the cell,
they include conversion of lysine and hy-
droxylysine side chains to aldehydes,
and the reactions of the aldehydes to
form covalent cross-links. The enzymes
prolyl 4-hydroxylase and lysyl hydroxy-
lase attach hydroxyl groups to proline
and lysine residues only in the Y position
of the -Gly-X-Y- repeat (3). Two specific
glycosyl transferases sequentially attach
galactose and glucose to the hydroxyl
groups of some hydroxylysines (3).

Although 4-hydroxyproline is the main
derivative from proline, some 3-hy-
droxyproline is also formed. Types I, II,
and I1I collagens contain one or two resi-
dues of 3-hydroxyproline per « chain,
and these are located near the carboxyl
end inal(l), a2, and a 1(11) 8, 45). Types
IV and V are usually richer in 3-hydroxy-
proline, with as many as 10 percent of
the hydroxyprolines being the 3-deriva-
tive in type IV (22, 24, 25). This residue
is made by a separate enzyme, prolyl 3-
hydroxylase, which requires the proline
to be in the X position of the -Gly-X-Y-
triplet and the Y position to be already
occupied with 4-hydroxyproline 6).
The three hydroxylases and two glycosyl
transferases require nonhelical chains as
substrates and will not act on the triple
helix (3, 47). When the triple helix forms
in the procollagen molecule, both hy-
droxylation and glycosylation stop. If
helix formation is prevented or retarded
by the incorporation of proline analogs
into cultured cells, then extra hydroxy-
lysine and glycosylated hydroxylysine
residues appear in the synthesized colla-
gen 48).

The functions of the various hydroxyl-
ated and glycosylated residues are not
fully understood. Although it is estab-
lished that 4-hydroxyproline stabilizes
the triple helix, it is not known whether
3-hydroxyproline has the same or anoth-
er function. Hydroxylysine is essential
as the site for sugar attachment and for
forming stable cross-links. The main
function of the glycosylated hydroxy-
lysines is still uncertain, although they
do participate in cross-linking ¢9), and
recent evidence suggests that native fi-
brils of type Il collagen are more swollen
with water than type I, perhaps because
of the abundant carbohydrate (50).

Molecules of type Il collagen usually
contain more hydroxylysine and in-
variably much more glycosylated hy-
droxylysine than types I and III colla-
gens. However, the extent of hydroxyl-
ation of lysine can vary substantially
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within each collagen type. For example,
type I collagen of newly formed woven
bone, both during normal development
(51) and during repair in the adult (52),
contains two to three times as much hy-
droxylysiné as collagen of adult lamellar
bone. The bone of hypocalcemic chicks
in, for example, vitamin D deficiency al-
so contains hydroxylysine-rich type 1
collagen and differs from normal bone in
its cross-linking amino acids (53). Simi-
larly, type 11 collagen of embryonic carti-
lage contains twice as many hydroxy-
lysine residues as type 1l collagen of
adult articular cartilage (54). It is not
known whether these chemical varia-
tions occur for a purpose, for example to
regulate the quality of cross-linking, or
whether they are nonspecific effects of
metabolic changes that alter the activi-
ties of the hydroxylases and transferases
during development and aging (55).
There is evidence, however, that gluco-
corticoid hormones may selectively alter
the activities of the collagen hydroxy-
lases and glycosyl transferases (56). This
evidence supports a proposal that these
enzymes, particularly prolyl hydroxy-
lase, may be important in regulating rates
of collagen biosynthesis under certain
conditions (3).

Knowledge of Primary Structure

The task of sequencing the amino
acids in the collagen a chains progressed
quickly. The first data were derived from
type 1 collagen of rat and chick (§), and
the entire «l(I) and «2 chains of the
chick are now probably sequenced.
However, the most complete informa-
tion applies to calf collagens (57, 58).
The entire sequences of the a1(I) and a2
chains of type I collagen and the al1(111)
chain of type III collagen from calf are
known (58). Extensive sequences of bo-
vine «1(Il) (/2) and human «1(I111) (59)
chains have also been determined.

The few methionine residues in colla-
gen (five to ten per « chain), and hence
the manageable number of peptides pro-
duced by digestion with CNBr, has
proved invaluable in determining the pri-
mary structure. Also, the CNBr-cleaved
peptides from collagen provide, on chro-
matography or electrophoresis, sensitive
peptide patterns for identifying and
quantifying the different collagen-gene
products in tissues (60). Each type of
collagen « chain or molecule gives a
characteristic pattern of CNBr-cleaved
peptides, reflecting their individual se-
quences. One or two homologous pep-
tides of identical length but different se-
quence are recovered from «a1(1), a1(I1),

and «1(Ill) chains as a result of con-
served methionine sites. The a1(I) chain
is in fact more homologous to «al(Il),
with more than 80 percent of their resi-
dues identical, than to a2 where the ho-
mology is léss than 70 percent (/2).

The « chains at both ends of the colla-
gen molecule (telopeptides) terminate in
short sequences that are not triple helical
(61); these short sequences contain 10 to
20 residues and lack glycine at every
third residue. At the carboxyl terminus
of the native type III molecule the non-
helical telopeptides are longer, with
about 60 residues, and begin with a -Cys-
Cys- (Cys, cysteine) sequence at the
very end of the triple helix (57). These
cysteine residues are not removed from
native type III collagen molecules sol-
ubilized by pepsin, which clips the telo-
peptides farther in than the aldehydic
cross-linking site but cannot attack the
triple helix. Therefore, in molecules of
type 11l prepared by pepsin digestion all
three « chains are usually disulfide-bond-
ed by these cysteines. This unusual
property can be used to distinguish type
III collagen from types I and 11 2).

Biosynthesis—Procollagen

The biggest impact on collagen bio-
chemistry in the last decade has been the
discovery of genetic polymorphism and
the existence of procollagen. The pro-
collagen molecule is a larger, biosynthet-
ic precursor that is trimmed by specific
proteases to form the molecule even-
tually found packed in fibrils outside the
cell 3, 4). For 2 or 3 years procollagen
was thought to be extended at its amino
terminus only (62). It was later discov-
ered to be extended at both ends, with
the largest extension at the carboxyl ter-
minus (63). Thus each procollagen «1(I)
chain of type I procollagen has an amino
terminal extension with a molecular
weight of about 15,000 and a carboxyl
terminal extension with a molecular
weight of about 35,000. The pro a2 chain
appears to have a shorter amino terminal
extension than pro «1(I) ¢). The exten-
sion piece (propeptide) at the carboxyl
end contains several cysteine residues,
some of which cross-link the chains
within the procollagen molecule. The
amino terminal propeptides of a1(I) and
a2 each include a sequence of about 50
residues that is rich in hydroxyproline
and together form a particularly stable
segment of triple helix (64). Its function
is unknown. This helical segment is sep-
arated from the main helix of the mole-
cule by a short globular region, the even-
tual site of cleavage. The main globular
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end of the amino terminal propeptides al-
so contains cysteine residues, but in type
I and type Il procollagens they form only
intrachain disulfide bonds (3, 4). Inter-
chain disulfide bonds are present, how-
ever, at both ends of the type 11l pro-
collagen molecule (65). The carboxyl ter-
minal propeptide is glycosylated with
sugars, notably N-acetylglucosamine
and mannose (66), not found in the body
of the collagen molecule and more
characteristic of conventional glycopro-
teins.

Several important functions have been
proposed for these propeptides (62, 67).
One is to prevent formation of fibrils be-
fore the procollagen molecule reaches
the desired extracellular site, that is, a
transport function. Other likely func-
tions are (i) to direct assembly of the cor-
rect combination of pro « chains into
molecules, (ii) to regulate triple helix for-
mation, and (iii) to direct fibrillogenesis
outside the cell. Feedback inhibition of
collagen synthesis by the propeptides
has also been proposed and recently con-
firmed (68).

For types I, 11, and 111 collagen mole-
cules the propeptides are removed by
specific procollagen peptidases, of which
there are at least two enzymes, one for
each end (69). Each type of collagen may
also have its own characteristic pepti-
dases (4). Both pieces are thought to be
cleaved outside the cell, although the
amino terminus seems to go first (70). A
function' of the longer telopeptides re-
maining at‘the carboxyl terminus of na-
tive molecules of type III collagen may
be to prevent thick fibrils from forming.
This possibility is supported by evidence
that type IV collagen retains most of its
globular propeptides for its structural
role in basement laminae, which lack any
obvious fibrillar structure (22, 23). The
type 1V propeptides probably contribute
at least partly to the firmly bound glyco-
protein fraction of basement laminae.

Messenger RNA (mRNA) for pro-
collagen type 1 has been prepared and
characterized quite extensively. From
analyses of the translated product of
such preparations, it is now known that
procollagen chains, in keeping with in-
sulin and other proteins designed for ex-
port from the cell, are synthesized on the
ribosome starting with a short leader or
signal sequence of 20 or more residues
). This piece, at the extreme amino ter-
minus, is rich in hydrophobic amino
acids and is thought to channel the nas-
cent polypeptide through the membrane
into the cisternae of the rough endo-
plasmic reticulum, where it is immedi-
ately cleaved off by a protease. The en-
tire polypeptide translated from collagen
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mRNA by cell-free systems in vitro is
therefore being called the prepro « chain
).

The first reported attempts to locate
the collagen genome on human chromo-
somes with the use of hybrids of human
and mouse cells have produced conflict-
ing results. Genes for type I collagen
were traced to chromosome 7 by one
group (7/) and to chromosome 17 by an-
other (72). Although different types
collagen may be coded for on different
chromosomes (73), it seems less likely
that one type will be coded for on more
than one chromosome.

A recent finding is that monovalent
1onophores, such as monensin, selective-
ly block the export of procollagen from
cultured fibroblasts; yet the completed
molecules continue to be synthesized
and appear to accumulate in membrane-
bound Golgi vacuoles (74). Export of the
protein fibronectin is also blocked, sug-
gesting that the two proteins share the
same secretory route from the cell.

Molecular Packing in Collagen Fibrils

The primary structure of the pro «
chains of collagen seems to contain all
the equipment needed to fold them into
native molecules, to pack the molecules
into fibrils (and perhaps for type IV col-
lagen into basement laminae), and to de-
termine the type of intermolecular cross-
links eventually formed. Primary struc-
ture may also dictate how the fibrils in-
teract with interfibrillar glycoproteins
and proteoglycans that are associated
with collagen in most tissues. As more is
learned of the biochemistry of collagen
and proteoglycans, the concept strength-
ens that extracellular matrices must
largely self-assemble in situ, regulated
primarily by the physical and chemical
properties of the macromolecular mono-
mers.

The precise axial register of collagen
molecules in fibrils was established 20
years ago by Hodge and Petruska as a
near quarter-stagger with overlap (75).
The side-to-side lattice, and hence the
manner of packing of molecules in three
dimensions, is still a mystery, however
(76). Axially, each molecule is displaced
from all its neighbors by 0, 1, 2,3, 0r4 D
periods where D equals 1/4.4 of the mo-
lecular length. This D period, or axial
stagger, has now been precisely defined
at 234 =+ 1 residues for type I collagen
(77). Fibrils of types I, 11, and 1II colla-
gens show a similar periodicity by elec-
tron microscopy which implies that they
share this axial stagger. No lateral sub-
structure is obvious in fibrils by electron

microscopy, although a microfibril sub-
unit has long been suspected. Several
models for microfibrils have been pro-
posed, and, one, the Smith five-stranded
microfibril (76, 78), is still a favorite. It is
supported experimentally by x-ray dif-
fraction analyses of the rat tail tendon
which show an equatorial reflection in-
dicating a 3.8-nm lateral repeat, which is
the theoretical width of such a micro-
fibril (76). Other types of collagen fail to
give this diffraction line, and it is promi-
nent in the rat tail tendon only on
stretching (79). Its biological significance
is still in question, therefore.

An alternative proposal is that there is
no ordered side-to-side lattice of mole-
cules within a fibril, the only strict spatial
register being the precise stagger axially.
This predicted paracrystalline structure
with an amorphous lateral organization
(80) has been likened to a type A smectic
liquid crystal (8/). Poor lateral order
would account for the diffuse intensities
on the equator, compared with the sharp
lines on the meridian, which most native
collagens give on low-angle, x-ray dif-
fraction.

The diameter of collagen fibrils and
their weave vary greatly, depending on
the tissue, even for a single genetic type
of collagen. For example, type I collagen
of tendon is expressed as thick, uniform
fibrils packed in parallel bundles, where-
as type I collagen of bone is a contorted
weave of finer fibrils that are heavily
mineralized in the native tissue. The bas-
ic physical properties of collagens in ten-
don and skeletal tissues also differ (82).
Collagen in cartilage or decalcified bone
swells little, and virtually none dissolves
in dilute acid, whereas tendon collagen
swells about 100-fold, and in rat tail ten-
don all the collagen eventually dissolves.
What causes identical proteins that share
the same amino acid sequence and most
details of primary structure to differ so
markedly in physical properties? The dif-
ferences seem to be mainly due to tissue-
specific variations in chemical structure
and molecular location of intermolecular
cross-links.

Intermolecular Cross-Linking

Cross-linking amino acids are vital for
the strength and normal function of col-
lagen fibrils. Their importance is hard to
overemphasize. Their chemistry has
been reviewed by Tanzer 83, 84). Al-
though various compounds have now
been identified, little is known still about
their relative functions.

Collagen molecules cross-link sponta-
neously when they pack into native fi-
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brils (83). The cross-links derive from al-
dehydes made extracellularly from lysyl
and hydroxylysyl residues by lysyl oxi-
dase (85). This oxidative deamination is
the only enzymic step needed. Most of
the aldehydes are located at the ends of
the « chains, with one in each telopep-
tide sequence (58, 86). All the genetic
types of vertebrate collagen and most in-
vertebrate collagens exhibit this cross-
linking mechanism (6, 84, 87). Collagen
cross-linking can be blocked in experi-
mental animals by feeding them g-
aminopropionitrile and related com-
pounds, which inhibit lysyl oxidase and
produce the condition called lathyrism.
Most cross-linking amino acids were
identified after chemical reduction by tri-
tiated sodium borohydride §8), which
stabilizes them during acid hydrolysis
and labels them with tritium for isolation
83, 84, 89). The simplest intermolecular
cross-links are aldimine addition prod-
ucts between the aldehydes and unmodi-
fied hydroxylysyl or lysyl side chains.
However, an intramolecular cross-link,
allysine aldol, was the first compound to
be identified (90), being abundant in sol-
uble collagen from tendon and skin. Its

function has proved the hardest to un-
derstand, although it is also prominent in
elastin as an intermediate in the forma-
tion of desmosine cross-links (9/7).

In native collagen fibrils of skin or ten-
don the main reducible compound is a
complex cross-link apparently derived
by reaction of the intramolecular allysine
aldol with both a histidine residue and a
hydroxylysine residue. Although there is
controversy whether the histidine reacts
naturally or as an artifact of borohydride
reduction (92), the few histidine residues
in collagen are concentrated at cross-
linking sites and are probably important
in cross-linking reactions, if only as pro-
ton donors or acceptors. Moreover, a
stable histidinyl cross-link has been re-
covered from collagen without borohy-
dride reduction (93).

The main labeled compound on react-
ing collagen of bone or cartilage with tri-
tiated sodium borohydride is dihydrox-
ylysinonorleucine. It derives from two
hydroxylysine “residues and is fairly
stable even without reduction because
the initial aldimine rearranges to a
ketoamine, hydroxylysino-5-keto-nor-
leucine (84) (Fig. 4). In these skeletal
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Fig. 4. Proposed mechanism (/00) for the formation of the trivalent 3-hydroxypyridinium cross-
links of collagen by interaction of two divalent cross-links. The dehydro-dihydroxylysinonorleu-
cines are shown glycosylated and in their ketoamine configuration, their predominant form in
collagens of bone and cartilage. Other reaction mechanisms are possible, although the one indi-
cated is favored, and the product agrees with the 1,4,5 side-chained structure suggested by the
data of Fujimoto (99). The upper molecular diagram shows how difunctional cross-links in ad-
jacent five-stranded microfibrils can be spatially in close apposition, favoring their chemical
interaction. Single-stranded filaments of head-to-tail overlapping molecules could interact
equally effectively wherever they are registered as shown here.
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tissues most of it is present as the
glucosylgalactosyl or galactosyl de-
rivative (Fig. 4), the nonaldehydic hy-
droxylysine precursor having been a gly-
cosylated site. The function of the sugar
is unknown.

The reducible cross-links gradually
disappear from adult connective tissues,
which suggests they are long-lived inter-
mediates that can react further. But the
anticipated mature or final cross-links
have proved elusive. Indirect evidence
suggesting that the aldimine cross-links
were naturally reduced (94) was not sub-
stantiated by direct analysis in that natu-
rally reduced cross-links were not de-
tected (95). Other mechanisms of matu-
ration have been proposed (96, 97), but
none provide a wholly convincing mech-
anism supported by stoichiometric yields
of the predicted mature compounds.

New, Nonreducible Cross-Links

A new, fluorescent cross-linking
amino acid was recently isolated from
tendon collagen without reduction (98).
It was shown to be a 3-hydroxypyridin-
ium compound, probably derived from
three hydroxylysyl residues (99). The
same compound is especially abundant
in collagens of bone and cartilage; adult
articular cartilage contains about one
residue per collagen molecule, with
about a fifth as much in adult bone (/00).
As the dihydroxylysinonorleucine con-
tent of cartilage falls with age, the 3-hy-
droxypyridinium . cross-link increases
proportionately (/00), suggesting a pre-
cursor-product relationship. The molar
ratio of the 3-hydroxypyridinium cross-
link to dihydroxylysinonorleucine reach-
es about 100:1 in adult cartilage (/00).
Radiochemical studies on collagen syn-
thesized by rabbit cartilage in vivo
proved that the hydroxypyridinium
cross-links were derived from lysine and
supported their product-precursor rela-
tionship with dihydroxylysinonorleucine
on. ’ '

Figure 4 projects a way that two of the
ketoamine cross-links might interact to
form the 3-hydroxypyridinium com-
pound. From considerations of chemis-
try, molecular packing, and the observed
physical properties of the skeletal tissue
collagens this novel two-stage pathway
of cross-linking is appealing. Reducible
cross-links will be closely apposed, fa-
voring such a reaction, wherever adja-
cent molecules have no axial stagger.
This could occur, for instance, between
abutting five-stranded microfibrils as
shown in Fig. 4, or, if this packing model
proves incorrect, between monomeric
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strands of head-to-tail overlapping mole-
cules that are in register (for example,
the heavily outlined molecules alone in
the upper part of Fig. 4). Electron micro-
scopic evidence suggests that fibrils may
assemble from small clusters of regis-
tered procollagen molecules that aggre-
gate into an n X D (67 nm) staggered ar-
ray (/02). Such fibrils would effectively
consist of staggered clusters of regis-
tered monomeric threads.

The proposed reaction can help ex-
plain why skeletal-tissue collagens resist
swelling, since it would introduce exten-
sive lateral cross-linking between all ele-
ments within fibrils. It would also allow
cross-linking at contacts between fibrils,
which is of particular significance for un-
derstanding the properties of cartilage
with its random meshwork of fibrils and
entrapped proteoglycans.

Collagen and Disease

Heritable disorders. The rapid ad-
vances in collagen biochemistry have
promoted a surge of interest and new un-
derstanding on collagen pathology in dis-
ease (/103). The long-anticipated molecu-
lar defects of collagen in various heri-
table diseases have begun to be defined.
Thus the basic lesions in three recessive
types and one sex-linked type of Ehlers-
Danlos syndrome, a heritable disorder of
connective tissue featuring hyper-
extensible skin and joints, have been
traced to collagen (/04). Three of the le-
sions affect enzymes responsible for
posttranslational events: lysyl hydroxyl-
ase, lysyl oxidase, and procollagen pep-
tidase; the fourth is a failure to make
type III collagen and is therefore analo-
gous to the thalassemia syndromes of he-
moglobin pathology. Other inherited de-
fects in collagen structure are anticipated
and are under active study. A defect in
synthesis of type I collagen is suspected
in certain types of osteogenesis imper-
fecta (/105).

Acquired disorders. In addition to the
genetic disorders which can reveal so
much about the relationship between
structure and function of normal colla-
gen, many acquired disorders indicate
possible secondary abnormalities in col-
lagen metabolism. For example, interest
has focused on the synthesis of cartilage
collagen in osteoarthritis (/06), on al-
tered collagen behavior in connective tis-
sues and vascular basement membranes
in diabetes (22, 107), and on the role
of collagen in platelet aggregation,
thrombus formation, and the blood ves-
sel changes seen in cardiovascular dis-
ease (/08). The influence of the collagen
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environment on cell differentiation and
proliferation has important implications
in developmental biology (5) and in many
diseases, including cancer.

Likewise, the properties of tissue col-
lagenases and their essential role in the
degradation and turnover of collagen
form a major research topic in them-
selves (109). Collagenases have special
‘significance for understanding chronic
inflammatory diseases such as rheuma-
toid arthritis. In this condition, articular
cartilage and other fibrous tissues of the
joint are eroded by proliferating cells of
the synovial membrane, which degrade
the collagenous tissues with neutral pro-
teinases and a specific collagenase. The
stimulus for this pathological behavior is
unknown.

Aging. Because collagen turns over
very slowly in most adult tissues, pro-
gressive structural changes in collagen,
such as an increase in cross-linking,
were formerly evoked as an underlying
factor in the body’s aging process. Al-
though no longer taken seriously as a
central cause of aging, age-related
changes in the physical and chemical
properties of collagen may nevertheless
have serious effects on the performance
of many tissues, including their ability to
resist disease.

Unresolved Questions

Long-standing puzzles in collagen bi-
ology include what causes the collagen
of bone and dentin to calcify while the
same molecular type of collagen in other
tissues does not. The answer probably
lies not in the collagen directly but in as-
sociated matrix constituents, for ex-
ample, the phosphoproteins that have
long been proposed as regulators of min-
eral deposition (82, /10), or the bone pro-
tein containing y-carboxyglutamate that
is suspected of having some regulatory
role in mineral metabolism (///). The
collagen cannot be completely dis-
counted, however. An old observation
that the a2 chain of bone collagen con-
tains organically bound phosphate has
been confirmed, and the residue has
been tentatively identified as phos-
phoglutamic acid (//2).

Specifically how collagen fibrils of dif-
ferent types interact with other macro-
molecules of the extracellular matrix,
notably proteoglycans and structural gly-
coproteins, as well as with cell mem-
branes and blood-platelet membranes are
broad questions of great medical and bio-
logical importance.

It must be assumed that the various
types of collagen have evolved to suit

different biological functions. However,
despite extensive data on primary struc-
ture, the distinctive functions of each
collagen type and the special molecular
properties that underlie them are essen-
tially unknown. Comparison of diverse
species to determine the relative biologi-
cal ages of the different collagen types,
and which of their chemical features are
rigorously conserved, may prove useful
here.
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