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INTRODUCTION 

Homeostasis is manifest at many levels in 
biology - from intracellular processes to the 
interspecies relationships that underlie the present 
concern with ecology. Molecular biology has been 
centrally concerned with control mechanisms 
dependent upon reactions of macromolecules, and 
these studies have led to such concepts as: genetic 
transcription control through repressors;’ inhibi- 
tion of enzyme reactions through metabolite 
interactions? and a l lo~ te ry .~  The concept of 
matching surfaces - of molecular “fit” - is central 
to the mechanistic explanations of reactivity. The 
selective action of enzymes and the changes in 
activity of macromolecules brought about by 
conformation changes all relate to the critical 
shape and charge profile of surfaces. 

The consequences of the appropriate fitting of 
two surfaces may be the lowering of energy 
barriers and consequent chemical reaction or the 
modification of the reactivity of one of the 
components of an interacting pair. Our knowledge 
is inadequate to describe the chemical balance of 
forces involved in such “fit” since such molecule 
to molecule interactions are compounded from the 

forces resulting from apposed, charged and un- 
charged groups in an aqueous system containing 
electrolytes; nevertheless, it has been possible to 
derive a qualitative understanding of interacting 
complementary surfaces through x-ray diffraction 
studies - for example, those of Wilkins and his 
co-workers on DNA, and of Johnson and Phillips 
on l y ~ o z y m e . ~  9’ 

In this review attention will be directed to 
extracellular homeostasis, that between cells and 
the connective tissue that surrounds them. Such 
control mechanisms are of primary importance in 
the processes of differentiation in multicellular 
organisms, wound healing, tissue transplantation, 
and tumorigenesis, to name but a few. In the 
discussion it will be assumed that no new 
mechanisms of communication are involved and 
that in the extracellular tissues, as in the intra- 
cellular situation, interactions and reactivity in- 
volve the highly specific matching by “fit” of the 
surface of one molecule with that of another. 
However, several basic differences between intra- 
cellular and extracellular reactions may be 
expected. The complex sequence of enzyme- 
catalyzed, template-directed reactions involved in 
RNA or protein biosynthesis requires a series of 
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ternary collisions. These reactions can occur at a 
high rate only where the concentrations of reac- 
tants are high enough, but this requirement places 
no constraints on cell size. However, in uni- 
nucleate cells any nucleo-cytoplasmic reaction will 
be limited in rate by the rates of diffusion of the 
various reactants across the dimensions of the cell. 
Furthermore, the rate of uptake and discharge of 
metabolites depends critically on the surface to 
volume ratio of the cell. The high rates of 
hormone response or protein synthesis, for 
example, are related to cell size. Indeed, it seems 
plausible that the upper limit of cell size may be 
set when the rate of diffusion of inducers or 
co-repressors through the cell surface cannot 
initiate the nucleus-mediated response at a 
sufficient speed for homeostasis to be maintained. 
In contrast to the intracellular situation, homeo- 
static reactions between cells and connective 
tissue, and interactions between cells, take place 
across larger distances. Molecular messengers still 
appear to be the means by which one cell or tissue 
affects another (e.g., by hormone action), but all 
such effects that necessarily rely upon the diffu- 
sion of macromolecules or smaller specific mole- 
cules over dimensions larger than the intracellular 
dimensions must necessarily be slower than the 
reactions within the cell. Furthermore, since the 
molecular messengers rarely have direct access to 
the effector enzymes or the genome. of the 
recipient cell, most such transcellular effects may 
be presumed to involve the action of a transduc- 
tion mechanism at the cell surface. 

Reactions directed from cell to connective 
tissue also differ in a special way from intracellular 
reactions: since reactions within the cell occur 
over a very limited domain, even a single effector 
molecule, by reason of the high collision rate, can 
bring about a change in a large number of 
substrate molecules. In cell-to-cell reaction, on the 
other hand, the action of a single effector mole- 
cule, at least in principle, can be amplified 
manyfold in the course of transduction across the 
membrane. In extracellular tissues, however, the 
rate of any reaction is limited by the distances 
across which diffusion processes must carry the 
effector molecule and also by the rate of succes- 
sive reaction of the effector molecule - unless 
some mechanism exists for autocatalytic reac- 
tivity. In principle, it  is therefore likely that any 
reactions in extracellular tissues are necessarily 

slow in comparison to those occurring between 
cells and within cells. 

Since this article is a discussion and not a 
dissertation, we will not be concerned with 
semantics; for simplicity, we will exclude from 
consideration as extracellular tissues those super- 
ficial structures that are sited on the outer surface 
of a cell membrane but which appear to pertain 
directly to  the cell viability, reactivity, and bio- 
synthetic activity; for example, our interest is not 
in those immunogenic molecules on the surface of 
the cell whose populations change through the 
mitotic cycle. These structures pertain to  the 
ongoing metabolism of the cell although they are 
located beyond the plasma membrane. Instead, 
our attention will be directed to  those structures 
that are elaborated beyond the immediate domain 
of the cell and, in particular, those constituents of 
the intercellular matrix that are synthesized from 
the secretions of many cells and not simply of one. 

In this article the structure and components of 
connective tissue will be described first; then the 
structure, biosynthesis, and reactivity of collagen, 
the best characterized macromolecule in connec- 
tive tissue, will be discussed; and finally, how 
extracellular, presumably homeostatic, reactions 
change the collagen molecule and how these 
mechanisms probably reveal for us some of the 
basic processes of extracellular homeostasis will be 
discussed. 

Homeostasis involves two processes, recognition 
and response. Although the macromolecules that 
build up the extracellular tissues are many and 
complex, it is clear that the permutations of their 
reactivities are more limited than those available 
within cells. We may presume, therefore, that the 
specific reactions that occur in connective tissues 
in response to changes of hormones, vitamin levels, 
tissue damage, or to developmental inducers and 
directives, are probably initiated by the cells of the 
connective tissue. Reactions in the extracellular 
milieu are then brought about by the secreted 
enzymes or effector molecules whose action 
occurs at  a distance from the cell. To insure the 
specificity of such reactions and the appropriate 
response, the extracellular macromolecules must 
be structured appropriately during biosynthesis. 
Insofar as the same molecules may serve more than 
one purpose (e.g., in different tissues), it appears 
likely that the pluripotency of the structure of the 
component macromolecules is derived by modi- 
fying the reactivity of the macromolecule by 
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postsynthetic decoration, such as methylation, 
hydroxylation, or glycosylation. 

From these preliminary considerations it seems 
profitable that we should look at the components 
of connective tissue from the point of view not 
only of “how do these components serve a 
particular purpose?” but also of “how do cells 
control the establishment, growth, reactivity, and 
catabolism of these components by action at a 
distance?” The structure of macromolecules in 
extracellular tissue must reflect both of these 
purposes. 

If these deductions are valid, we may anticipate 
that diseases and defects in the connective tissue 
metabolism may reflect changes or mutations at 
one of three levels: at the primary sequence of the 
extracellular macromolecules; in the mechanisms 
that modify the protein molecule for its various 
roles in distinguishable tissues; or in the extra- 
cellular enzyme systems that modify and react 
with the molecules in the extracellular matrix. 
Examples of some diseases of connective tissue 
will be discussed later in this article. 

CONNECTIVE TISSUES 

In a broad sense, two classes of tissues may be 
distinguished in multicellular organisms: those 
formed of immediately juxtaposed cells, such as 
the brain, and those where the cells are in part or 
completely surrounded by extracellular tissue. In 
the extreme case of “connective tissues” such as 
cartilage or tendon, the cells may be very few in 
number, and the extracellular material may com- 
prise more than 90% of the total tissue. 

Cartilage and tendon are two examples of what 
is called dense connective tissue. Many such 
tissues, on microscopic examination, demonstrate 
a highly organized array of extracellular fibrous 
components. For example, tendons are built of 
bundles of long, parallel collagen fibers. Collagen 
fibers typically are cylinders or ribbons 1 to 12 pm 
wide, that appear granular in histologic section 
under the light microscope since they are built 
from 0.3 to 0.5 pm fibrils embedded in a con- 
tinuous matrix. The material of the matrix is 
distinguishable from the collagen of the fibrils 
because it is digestible by trypsin. The cells in the 
tendon fibers appear t o  be arranged in columns 
one above the other in crevices between the fibers, 
while their processes spread in thin sheets between 
the fibers. 

In contrast, in loose connective tissues, such as 
the fascia, serous membranes, and the subdermal 
tissues, large or small numbers of cells appear to be 
scattered among an array of fibrils (in which little 
order is perceptible) and surrounded everywhere 
by an all-pervading “ground substance.” 

Fibers 
The fibrous components of connective tissue 

are the elastic, reticulin, and collagen fibers. The 
elastic fibers are built from protein, and they are 
remarkable for their resistance to chemical attack. 
As their name implies, these fibers endow the 
tissues with elasticity. They are generally thinner 
than collagen fibers and in bulk have a yellow tint. 
Unlike collagen, elastic fibers appear to be not 
granular but homogeneous in transverse histologic 
sections. Such tissues as blood vessel walls and the 
ligaments are rich in elastin. Elastic fibers are built 
of protein chains that are linked into a three- 
dimensional matrix by interchain cross-links. It is 
believed that the subunit protein is secreted from 
cells in the form of a tropo-elastin (also called a 
pro-elastin) molecule. The presumed precursor of 
elastin has been isolated by selective extraction 
from the aortas of copper-deficient swine.6 The 
physical characteristics of tropo-elastin have not 
been adequately studied, but sequencing work has 
begun.’ Cross-linking compounds capable of 
joining two, three, or four polypeptide chains are 
synthesized from lysine residues in these chains by 
the action of enzymes, and the high degree of 
cross-linking that results is responsible for the 
insolubility of this protein. Two of these cross- 
linking compounds, desmosine and isodesmosine, 
appear to be unique to elastin. Some of the 
chemistry of elastin has been reviewed recently by 
Franzblau and Lent, and Gallop et al.’ 99 

The reticulin fibers are thin filaments that may 
form an anastomosing network through many 
loose connective tissues, and they are also found in 
basement membranes. They are particularly 
prominent in embryonic tissues and in healing 
wounds, and they appear to precede the formation 
of collagen fibrils. They often appear in histologic 
sections to be continuous with collagen fibers, but 
they are distinguished from collagen by their 
failure to swell in acid and by their staining 
characteristics, particularly their argyrophilia. 
Stains indicate that these fibers have a high sugar 
content. Although these fibers do not show the 
characteristic collagen banding under the electron 
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microscope, they are resistant to trypsin but 
susceptible to collagenase attack, just like collagen. 
It is therefore generally concluded that the reti- 
culin fibers are built from collagen molecules that 
contain a large number of bound carbohydrate 
residues. 

The third of this category of fibrous structures, 
the collagen fibers, are straight or slowly weaving 
filaments, and under the microscope they are seen 
to have a characteristic banding pattern with a 67 
nm period that permits their ready identification. 
The structure of the collagen fibrils and of the 
constituent macromolecules will be discussed at 
length in a later section. 

Examples of the arrays of fibrils in connective 
tissue are shown in Figures 1 and 2. 

Proteoglycans and Glycoproteins 
The continuous matrix that interpenetrates the 

fibrous components and cells of connective tissue 
comprises a sol or gel of protein-polysaccharides in 
an aqueous phase that includes dissolved cell 
nutrients and catabolites, salts, vitamins, and some 
of the serum proteins. This hydrated gel matrix is 
the path between the blood vessels and the cells of 
the connective tissues through which all metabo- 
lites must pass.9a The serum proteins appear to be 
in dynamic equilibrium with the continuous body 
fluids and blood and are not particular to the 
connective tissues; the characteristic constituents 
of the ground substance of connective tissue are 
the proteoglycans (or glycosaminoglycans). Histo- 
logically the ground substance is characterized by 
a metachromatic staining with toluidine blue, 
acridine orange, or the pinacyanol dyes. This 
property reflects the n-n orbital overlap of the dye 
molecules that become bound in an ordered 
manner to the array of negative charges along the 
polysaccharide chains; these chains comprise a 
large fraction of the ground substance. 

With the possible exception of hyaluronic acid, 
the polysaccharides of the ground substance are 
protein bound. Hascall and Sajdera distinguish two 
classes of protein-polysaccharides: the proteo- 
glycans, that consist predominantly of poly- 
saccharide chains bound to protein chains that 
may comprise only a few percent of the composite 
macromolecule; and glycoproteins, in which the 
major components are polypeptide chains to 
which are attached short lengths of polymerized 
carbohydrate residues in straight or branched 
arrays.' O 

The glycoproteins of connective tissue have 
been investigated only infrequently; they appear 
to aggregate and associate with the proteoglycans 
(perhaps through disulfide bonds and collagen).' 1 

In the proteoglycans the polysaccharide chains 
contain from 20 to 120 residues in most mole- 
cules, but in hyaluronic acid the polymer may 
comprise some thousands of sugar residues. In the 
proteoglycans several chains may be bound to one 
polypeptide, usually through 0-serine linkages, 
and the polypeptide component of the proteo- 
glycan macromolecule may be very small and its 
properties overshadowed by the carbohydrate 
moiety. The polysaccharide chains may be cleaved 
from the protein backbone by alkali or protease 
treatment, and such preparations, largely protein 
free, isolated from various tissue sources, have 
been fractionated to yield the commonly recogniz- 
ed polysaccharides of connective tissue, hyaluronic 
acid, chondroitin sulfate, dermatan sulfate, 
keratan sulfate, heparan sulfate, and heparin. 
Hyaluronic acid contains the longest polysac- 
charide chains; this molecule probably imparts 
the high viscosity to synovial fluid. 

1 1  

These polysaccharide chains of the proteo- 
glycans are usually unbranched, and they are, for 
the most part, built of repeating disaccharide 
units. The chains are strongly negatively charged 
since many of the alternating glycosidic units are 
hexuronic acids (glucuronic acid or iduronic acid). 
Hexosamines (glucosamine or galactosamine) are 
the alternating units of each polysaccharide, but 
the amino group is often acetylated or sulfated. 
This regular array of carboxylic or ester and amine 
sulfate residues, which in the tissues are always 
associated with their counter ion, sodium, gives a 
greater stiffness to these polysaccharide chains 
than that normally found in carbohydrates, and, as 
a result, these complex macromolecules impart the 
characteristic of a highly hydrated gel to the 
ground substance. Through this ground substance 
diffuse soluble proteins and cell metabolites. 

The combination of this hydrated matrix and 
the fibrous components generates the rigidity and 
resilience demanded of the connective tissue. 
Presumably the varied organization of the fibrous 
components of the tissue and the various permuta- 
tions of the proteoglycans impart the range of 
properties demanded of such specialized tissues as 
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FIGURE 1.  Section through the surface of bovine embryonic hyaline 
cartilage. Parts of three chondroblasts are seen with a matrix that includes 
collagen fibrils, singly and in small bundles. Magnification x 15,000. 
(Micrograph provided by Dr. E. A. Balazs.) 

nasal cartilage, articular cartilage, bone, tendon, or 
dura mater, to name but a few. 

For further discussion of the structure and 
synthesis of proteoglycans and glycoprotein, the 
reader is referred to Schubert and Hamerman, 
Spiro, RodCn, and Kobayashi.' '-' 
Basement Membranes 

A very thin, diffuse layer that may be distin- 
guished histologically beneath sheets of cells, 

particularly epithelial layers, is termed a basement 
membrane. Such lamellae underlie the cells of the 
capillary wall or the glomerulus of the kidney, for 
example. Under the electron microscope, these 
membranes appear to contain a felt-like mass of 
fine fibrils, approximately 4 nm in diameter, 
embedded in an amorphous matrix that stains 
somewhat denser than the surround. In the case of 
Descemet's membrane in the cornea and the 
anterior lens capsule, the arrangement of the fine 
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FIGURE 2. 
25,000. (Micrograph provided by Dr. E. A. Bahzs.) 

Cross section of the edge of a rat tail tendon fiber. Magnification x 

fibrils may be highly ordered, but in these cases 
the use of the term “basement membrane” is 
controversial. 

Basement membranes appear to be secreted by 
the cells they underlie but they may be separated 
by several hundred angstroms from the cell sur- 
faces. These membranes are thought to have a 
supportive or a selective filtration function, and 
they are distinguished from other connective 
tissues not only in their organization and disposi- 
tion but also in the nature of the collagen that is 
present. The collagen that can be extracted from 
basement membranes has a very high carbohydrate 
content, shows no regular banding under the 
electron microscope, and differs chemically from 
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the collagen of many other connective tissues. The 
chemistry of basement membranes has recently 
been discussed by Kefalides.’ 

The Cells of Connective Tissues 
In the embryo the earliest connective tissues are 

produced by mesodermal cells which secrete acidic 
polysaccharides into the intercellular spaces that 
are formed as the cells divide and move. The cells 
and their secretions comprise the mesenchymal 
tissues. In the developed organism the cells that 
inhabit the intercellular tissues are mostly of 
mesodermal origin, but not all of them are 
involved in biosynthesizing the extracellular con- 
stituents. In the case of basement membranes, 
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they are secreted by cells of the epithelium, and 
the earliest collagen laid down in the cornea is 
secreted also by the epithelial layer. 

In the developed organism the connective tissue 
components appear to be synthesized by charac- 
teristic connective tissue cells, the fibroblasts, or 
their differentiated descendants, the osteoblasts 
and chondroblasts. Many other types of cells 
besides these are commonly found in the connec- 
tive tissues; some of these cells, particularly the 
macrophages, probably serve to protect the tissues 
against infection or invasion and to scavenge dead 
or damaged cells and components. The presence of 
these cells is significant because the connective 
tissue is the site of the inflammatory response to 
infection or wounding. Fat cells also commonly 
occur selectively distributed through connective 
tissue. 

In the discussion that follows we will be largely 
concerned with biosynthesis and homeostasis as 
they relate to the collagen molecule. None of the 
other major components of connective tissue has 
been as well characterized as collagen, and it is a 
major component of most connective tissues - 
with the major exception of blood and synovial 
fluid. The biosynthesis of many of the constitu- 
ents of connective tissue has been studied, but 
their subsequent fate is more difficult to elucidate 
except in the case of collagen. All of the proteins 
and probably all of the polysaccharides of the 
connective tissue are synthesized intracellularly 
and subsequently excreted from the cell. In the 
proteoglycans both protein and polysaccharide are 
synthesized in parallel, and puromycin inhibits the 
production of both. Labeling experiments in tissue 
culture preparations have demonstrated that 
hyaluronic acid and collagen are biosynthesized by 
the same cell and that their synthesis can be 
separately controlled.’ ’ Thus it has been observed 
that mouse fibroblasts, for example, secrete more 
hyaluronic acid in the course of fast growth in 
tissue culture, whereas collagen preponderates in 
the stationary phase of growth. 

Both the hexuronic acids and hexosamines can 
be tagged by supplying radioactive glucose to cells. 
Studies in vitro and in vivo have shown that much 
of the hexose of the proteoglycans is reutilized; 
relatively little of the degradation products of 
chondroitin sulfate, for example, is excreted. It 
has been determined that the average turnover rate 
of the proteoglycans is considerably faster than 
that of the fibrous components of connective 

tissue, but the discrimination of the turnover rates 
among the various categories of the proteoglycans 
has barely begun. The biosynthesis of chondroitin 
sulfate in the chondroblast and its appearance in 
the connective tissue have been studied by measur- 
ing the uptake and distribution of organic 
35S-sulfate. This label is taken up by the cells, 
becomes incorporated into chondroitin sulfate 
chains, and after a short residence time in the cell, 
is secreted. Such studies and others have been 
reviewed by Dorfman.’ However, these investiga- 
tions have mostly been concerned with turnover in 
the polysaccharide moieties of the proteoglycans: 
the polysaccharides in themselves display a forbid- 
ding complexity. Although discrete families of the 
polysaccharide moieties, such as dermatan sulfate 
and chondroitin sulfate, have been recognized 
after cleavage from the proteoglycans, prepara- 
tions of the polysaccharides from different tissues 
differ in their sulfur content and in the presence of 
minor sugar residues so that Meyer has applied the 
term “microheterogeneity” to these popula- 
tions.Ig How much greater, therefore, is the 
potential heterogeneity of the intact proteoglycans 
where members of such polysaccharides are bound 
to one or more protein chains? To what degree 
this diversity is significant in the biological sense 
and to what degree it reflects the vagaries of 
modifying enzymes within the cell, or subsequent 
enzymatic activity in the extracellular matrix, is 
not known. However, the complexity of the pro- 
teoglycan is so great that the discrimination of 
individual species of molecules has barely begun. 
Therefore, a description of the biosynthesis and 
turnover of any class of the proteoglycans - as 
opposed to their polysaccharide moieties - cannot 
yet be attempted. 

In contrast to these components, collagen has 
been well characterized, and it has useful struc- 
tural markers, hydroxyproline and hydroxylysine, 
by which it can be recognized in the course of 
biosynthesis and degradation. 

Although it is known that most of the con- 
stituents of connective tissue are biosynthesized 
within the cells, the mechanisms of secretion of 
the various macromolecules, of the nucleation and 
accretion of macromolecules to fibrils in their 
growth, and the disposition of the proteoglycans 
around the fibrils are unknown. It seems likely 
that in many tissues the biosynthesis of the fibrils 
occurs close to  the surface of the secreting cell and 
that the cells may thus decide the alignment of the 
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fibrils, but it also seems probable that much 
subsequent growth of fibrils occurs at considerable 
distances from the cell of origin. Certainly any 
secretion of collagen by epithelial cells must result 
in fibril formation beyond the basement mem- 
brane, which is several hundred A from the cell 
surface. However, while it seems likely that the 
fibroblasts may move to designate the orientation 
of elements of the connective tissue (because 
fibroblasts are certainly motile cells in tissue 
culture), the mechanisms by which cells control 
the orientation and disposition of structures 
beyond their immediate domain are not known. 
This problem is certainly relevant to the continued 
synthesis of cartilage since most of the chondro- 
cytes become enclosed within lacunae in the tissue 
and their interaction with the greater part of the 
matrix can only be from a distance. 

In the discussion that follows, our attention 
will be directed toward mechanisms that may 
conceivably operate at  a distance from the cell in 
which the macromolecules originate. Certainly, 
homeostatic mechanisms are continually at play 
since anabolism and catabolism are balanced to 
accord with the organism's needs, but our under- 
standing of these homeostatic processes is limited. 
Thus the ratio of polysaccharide to protein and 
the hydration of the connective tissues varies 
through the life span of the organism; but to what 
degree this change reflects a change in the rate of 
catabolism or anabolism of either component and 
to what inducing signals the secreting cells are 
responding have yet to be discovered. 

Many of the constituents of connective tissue 
have lifetimes significantly longer than the average; 
Mellman et al. recently showed that the average 
turnover time for protein in cultured human 
diploid cells is less than 30 hr?' yet, in rats, 
turnover times of collagen molecules of longer 
than a year have been measured. Nevertheless, at  
least some of the constituents of connective tissue 
are in a state of flux in all the tissues, as is shown 
by age-related changes in morphology and com- 
position. Some tissues have considerable turnover 
rates, as is readily demonstrated by the profound 
changes that occur in them in response to  a 
depletion of vitamin C in the diet with the onset 
of the symptoms of scurvy. All tissues retain the 
capacity for homeostatic response and for appro- 
priate biosynthesis and remodeling, as is shown by 
the tissue reactions to wounding. We will attempt 
to examine the mechanisms of extracellular 

homeostasis using collagen, the best characterized 
component of connective tissue, as an example. 

COLLAGEN 

In the sections that follow, we will discuss the 
structural characteristics of collagen and their 
relationship to the secretion, fiber formation, and 
catabolism of fibrils in connective tissue. 

The collagen molecule appears to be secreted 
primarily by fibroblasts or epithelial cells. 
Sequence studies have shown that the collagen 
molecules extracted from the major connective 
tissues (skin, bone, tendon - even dentine) of any 
particular species have the same primary poly- 
peptide structure except for a tissue-specific 
p a t  tern of hydroxylation or glycosylation. 
Recently, however, another form of collagen has 
been detected in skin, as a minor component, and 
yet other forms of collagen have been detected in 
fetal and very young animals and in cartilage. 
Collagen is the major protein of tendon and skin 
and, in foro, comprises perhaps 30% of the protein 
of a mammal. 

It was demonstrated in the laboratories of 
Orekovitch and of Schmitt that highly asymmetric 
molecules could be extracted by acid or salt 
solutions from collagenous tissues such as tendon 
and skin, and Schmitt and his co-workers showed 
that from such aqueous solutions of soluble 
collagen the protein molecule could be precipi- 
tated in the fibrillar state, closely resembling that 
seen by electron microscopy in native fibers. In 
the 20 years since those discoveries, the molecule 
has been characterized both physically and chemi- 
cally, and the culmination of that study has been 
the recent determination of almost the complete 
amino acid sequence of one of the polypeptide 
chains that comprise the molecule. Many aspects 
of the structure of the collagen molecule that will 
not be discussed here are described in the volumes 
by Ramachandran and Gould and in a recent 
review by Traub and Piez.' '-' 

Collagen fibrils examined in sectioned tissue or 
teased and displayed on an electron microscope 
grid usually show a marked regular banding. The 
same periodicity can be detected in x-ray diffrac- 
tion photographs, and reliable measurements can 
be made without the intrusion of shrinkage or 
fixation uncertainties. In undried tissues the 
period is 67 run; however, this distance is about 
one fourth the length of the soluble collagen 
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molecule. These observations were reconciled 
when Gross, Highberger, and Schmitt deduced that 
the fibrils of collagen in an animal tissue are 
formed by the accretion of molecules staggered at 
one quarter of the molecule length in a polarized, 
linear array.’4 Since the mode of precipitation is 
sensitively determined by the conditions of pH 
and salt concentrations in the solutions of the 
soluble collagen, it is probable that the mode of 
aggregation is precisely dictated by electrostatic 
interaction between the molecules. The name 
tropocollagen was given to the molecule that was 
postulated to be secreted by the cell and to  
aggregate in the native fibril. Since Gross and his 
colleagues were able to reconstitute fibers ap- 
parently native in appearance from the soluble 
form of collagen in extracts of tissues, they 
deduced that the soluble form was the precursor 
to the native fibril. It has more recently been 
recognized that a sequence of events follows the 
secretion by the cell of a molecule that is 
significantly larger than the final component of 
the fibril; therefore, the name tropocollagen is 
falling into disuse, and instead the word collagen is 
used to  define the subunit protein that gives rise to 
the collagen fibril. In this text we will refer to the 
extracts from the tissues as soluble forms of 
collagen, using the word collagen to describe the 
protein rather than the tissue. 

The quantity of collagen that can be extracted 
from a collagenous tissue by appropriate, non- 
denaturing solvents varies with the tissue and the 
age of the animal. It has commonly been noted 
that progressively smaller amounts of soluble 
collagen can be extracted from the tissues of an 
older animal, but experiments have shown that the 
fraction of readily extracted material may corre- 
late more directly with the rate of growth of the 
tissues than with the age. Thus it would appear 
that collagen becomes progressively less soluble in 
a time-dependent reaction subsequent to bio- 
synthesis. The mechanisms of these subsequent 
changes in the connective tissues will be discussed 
later. 

It is now known that the length of the collagen 
molecule is more than four times the period of the 
native fibril in which it occurs and that therefore 
there is a space between the collagen molecule and 
its successor in line in the fibril. The fibers are not 
built by end-to-end linked monomers, but by a 
succession of partially overlapping chains. The 
relationship between the individual elongate 

macromolecule and the fibril that it  forms in its 
organized, aggregated state is demonstrated in 
Figure 3. 

When solutions of soluble collagen are heated 
or are treated with denaturants such as urea, 
thiocyanate, or guanidine hydrochloride, the 
viscosity of the solution falls dramatically, the 
optical rotation is changed, and the polypeptide 
chains that constitute the molecule can frequently 
be separated. The smallest polypeptide chain that 
is found normally in such a’denatured solution is 
the a chain, the single chain that runs the length of 
the collagen molecule. In addition, there are 
normally present the so-called 0 components and y 
components and higher aggregates that are 
respectively two, three, or more a chains linked 
covaleritly. From the x-ray crystallographic studies 
of Ramachandran and his colleagues and of Crick 
and Rich (see Ramachandran’ ’), it was deduced 
that the native collagen molecule is built from 
three colinear a chains; each chain comprises a 
polyproline type I1 helix, and the three chains are 
wrapped together in a triple helix of opposite 
sense from the helix of the individual chains. The 
chains associate through hydrogen - and probably 
hydrophobic - bonds that can be broken by 
heating or by chemical denaturants. Upon 
removing the denaturant, the separated con- 
stituent chains may fold, as is demonstrated by a 
change in the optical rotation in the solution; the 
a chains may fold upon themselves in dilute 
solutions, or they may associate one with another 
to form aggregates. In solutions of high concen- 
tration, the aggregating chains may form a gel. 
Except in the cases where the three chains 
constituting the molecule are covalently linked (y 
components) or under carefully controlled re- 
naturing conditions, the triple helix structure of 
the native molecule is not regained.’ ? 

Piez et al. showed by chromatographc fraction- 
ation that there are two chemically distinct a 
chains present in mammalian skin collagen, and 
subsequent studies have extended this finding to 
the collagens from bone and tendon.’7 These 
chains, which have been termed a 1  and a2 chains, 
are present in the ratio 2: 1. It was widely assumed 
that this ratio implies that each molecule is built 
from two a1 and one a2 chains; this assumption 
has recently been validated.’* 

Piez and his colleagues’ explored the scission 
of these a chains with cyanogen bromide, and the 
sequencing studies by these workers and by others 
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FIGURE 3. Reconstituted collagen fibrils with 67-nm periodicity together with 
some free SLS nystallites and some segments cohering to the surface of the fibrils 
and revealing the mode of packing. The staggering of the molecules in the fibril is 
shown diagrammatically. Magnification x 124,000. 
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have culminated in the determination of almost 
the complete sequence of the a1 chains for calf 
skin and chicken and rat skin and bone collagen. 
In view of the strong sequence homologies, a 
complete sequence for a composite a1 chain has 
been compiled (Gross, J., private communication, 
1972). 

Mention has been made of other chemically 
distinguishable collagens that have been identified 
in the mammal in addition to the major collagen 
that is characteristic of skin, tendon, dentine, and 
bone. These newly distinguished collagens have 
been identified in cartilage, fetal tissues, basement 
membranes, and as a minor component in 
skin.’ 9-3 ’ All of these collagens are readily 
differentiated from the major collagens because 
they have only the single form of a chain that can 
be distinguished by electrophoresis or chroma- 
tography. For example, the a chain of cartilage 
collagen is eluted from a carboxymethylcellulose 
column in the position of an a1 chain of skin, but 
they differ in chemical constitution. The cartilage 
a chain was named a1 type 11, and the collagen 
molecule can be represented as [a1 (II)] 3.  With 
the increasing number of different a chains now 
being reported, this terminology is becoming 
clumsy. 

Most of these newly distinguished collagens 
have not yet been investigated adequately to be 
sure that each chain in the molecule is identical, 
but they do not contain the easily distinguished a 2  
chain. Some of these collagens have been dis- 
criminated from the major collagen by the popula- 
tion of peptides released from the chains by 
cyanoger. bromide treatment. Both Miller and 
Kefalides have demonstrated that the cyanogen 
bromide peptides derived from cartilage or base- 
ment membrane collagens have a different chroma- 
tographic profile from that shown by the peptides 
isolated from the major  collagen^.^^-^ Further- 
more, the analyses reported by Kefalides for 
basement membranes from the glomerulus, the 
anterior lens capsule, and Descemet’s membrane 
suggest that each of these tissues has distinguish- 
able collagen  molecule^.^^ We may conclude that 
the mammalian genome can code for minimally 
four and possibly more collagen a chains. 

It already has been noted that there is con- 
siderable sequence homology between the a1 and 
the a 2  chains of any particular mammalian 
collagen. Tkocz and Kiihn showed the similar 
banding pattern of stained SLS segments formed 

from renatured ( ~ 1 ) ~  and ( ~ 2 ) ~  molecules: these 
observations imply a similar distribution of 
charged residues along the chain length.36 Other 
evidence that the several collagens encoded in the 
genome are strikingly related and probably arise 
by genetic duplication is discussed in the section 
on phylogenetic stability. In view of the limited 
sequence studies and structural investigations that 
have been made thus far on the minor collagens, 
the subsequent discussions will relate mostly to 
the major collagens characteristic of skin, tendon, 
bone, and dentine. 

Features of the Collagen Molecule 
The collagen molecule is distinguished in several 

features of its chemistry and structure in addition 
to its unusual size and shape. A certain fraction of 
the proline and lysine residues in the 
isolated molecules is hydroxylated, but the extent 
of hydroxylation differs in various tissues. 
Galactose and glucosylgalactose are bound through 
an 0-glysidic linkage to  the hydroxy residues of 
hydroxylysine at certain points along the mole- 
cule, but again the pattern of the glycosylation 
varies with the tissue from which the protein was 
isolated. Cross-links may be detected between 
various pairs of the a chains of any one molecule; 
or two or more intramolecular cross-links may join 
all three chains. A large number of chemically 
distinguishable cross-linking structures have been 
detected in soluble as well as in insoluble collagen. 
Intermolecular cross-links are also formed in the 
tissues, and these account for the insolubility of 
the greater part of most collagen in such solvents 
as are used for the isolation of soluble collagen. 
Some intermolecular cross-links persist in the 
extracted, soluble collagen since physical evidence 
demonstrates that polymeric forms of the mole- 
cule are present in the s o l ~ t i o n . ~ ’ , ~ ~  

The greater part of the collagen molecule 
appears to be unusually resistant t o  proteolytic 
enzymes. Studies by Nishihara and Miyata and by 
Schmitt and his co-workers demonstrated that 
small regions of the collagen molecule are in fact 
accessible to common proteolytic enzymes and 
that the removal of these labile “telopeptides” 
changes the solubility and aggregation properties 
of the collagen molecules to a degree quite 
disproportionate to the small fraction (1 to 5%) of 
t h e  molecu le  t h a t  is removed by the 
 enzyme^.^'-^' Most, if not all, of the inter- and 
intramolecular cross-links between the collagen 
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peptide chains are formed on the telopeptides, and 
hence many of the cross-linked chains are 
separated by the action of proteases. 

The telopeptides appear to be the primary 
immunogenic sites on the collagen molecule. It 
was shown several years ago that the reactivity of 
collagen-induced antibodies (as measured by 
complement furation) could be reduced or 
abolished if the homologous collagen were pre- 
treated under native conditions with pepsin or 
other proteases. In view of the susceptibility of 
telopeptides to  proteases, it was concluded that 
these were the targets for the antib~dies.~’ The 
disposition of the telopeptides on the molecule 
was the subject of debate for several years, but it 
now is apparent that there are both amino- and 
carboxy-terminal, enzyme-labile, immunogenic 
peptides on both the a1 and a2 chains of the 
major (skin) collagen, and probably also in carti- 
lage and other classes of a chains (e.g., see 
References 44-47). It has been found that anti- 
bodies raised in individual rabbits may differ 
markedly by reacting to different sites on the 
molecule, and these sites may change, even in one 
rabbit, in the course of the immunization 
pr~cedure .~  * 

Sequence studies have now fully confirmed the 
fact that both the amino- and carboxy-terminal 
sequences of the a chains contain lengths of amino 
acids whose sequence precludes any possibility of 
the formation of the normal collagen helix.49 
Other investigators have shown that species- 
specific as well as nonspecific antibodies can be 
raised in animals immunized with injected 
collagen; the antibodies that do not differentiate 
collagens from different species apparently are 
directed to regions of the triple helix, while the 
species-specific antibodies are directed toward the 
telopeptides. These observations demonstrate 
clearly that the telopeptide sequences on the 
collagen molecule are distinguishable in animals of 
different species. 

In view of the enzyme susceptibility of the 
nonhelical chains, the definition of the length of 
the native collagen a chain has been a matter of 
some difficulty. Bornstein showed that the amino- 
terminal peptide on the a1 chain extracted from 
rat tail tendon is four amino acid residues longer 
than that extracted from the skin of the rat.” I t  
was at that time uncertain whether th is  fact 
reflected a difference in the biosynthetic mech- 
anisms or the inadvertent cleavage of the labile 

terminal peptide in the course of the isolation of 
the a chains. More recently, Becker et al. have 
shown that the C-terminal telopeptides in soluble 
calf skin collagen may be obtained in various 
lengths.“’ They demonstrated that one of two 
forms of the carboxy-terminal peptide of calf skin 
collagen (al-CB6) was shorter by 18 amino acids 
than the other. Subsequent experiments showed 
that extraction of the collagen chains in 8 M urea 
rather than in acetic acid gave only the large form 
of the terminal peptide, and, moreover, the chain 
isolated by this procedure contained an additional 
dityrosine peptide beyond the previously charac- 
terized carboxy-terminal amino acid. These results 
indicate that two or more scissions may occur in 
the terminal regions of the chains in the course of 
collagen isolation; and there is no guarantee that 
the peptides isolated in the presence of urea are 
undamaged. In view of this uncertainty about the 
telopeptide lengths and in view of the reactivity of 
these chains and the influence they have on the 
associative properties of the collagen molecule, it 
would be premature at  this time to conclude any 
listing of the properties and characteristics of the 
collagen telopeptides (e.g., see Reference 51). The 
amino-terminal telopeptides, at least, are the 
remnants of a longer chain that is cleaved sub- 
sequent to  biosynthesis; this process of peptide 
cleavage and its significance and consequences will 
be discussed later. These findings confirm and 
amplify the original deductions by Hodge and 
Schmitt and Rubin et al., who noted that the 
physical and aggregative properties of collagen 
preparations made under various conditions 
differed and who then surmised that proteolysis 
might be occurring in the course of isolating the 
collagen from  tissue^.^ O 7’ 

In the sections that follow, we will discuss 
collagen biosynthesis, the postsynthetic modifica- 
tions to the collagen molecule that are made, the 
secretion of the molecule from the cell, fibril- 
logenesis in the connective tissues, and cross- 
linking and catabolism. In all of these sections the 
major theme will be the attempt to differentiate 
the intrinsic function of the molecule as a sup- 
portive element in connective tissue from the 
structural features of the molecule that we may 
deduce pertain to homeostatic control mech- 
anisms. 

Collagen Biosynthesis 
Collagen molecules are synthesized within cells. 
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Although it is commonly assumed that the major 
cell type involved in collagen biosynthesis is the 
fibroblast, and certainly fibroblasts in tissue cul- 
ture can produce significant quantities of extra- 
cellular collagen, several other types of cells are 
capable of synthesizing thus macromolecule. We 
have already discussed the fact that epithelial 
layers can produce the collagen of the basement 
membrane, and recently Pfeiffer et  al. (Pfeiffer, S., 
personal communication, 1972) showed that a 
glial cell in tissue culture can synthesize collagen. 

There was speculation for some years that the 
collagen molecule might be built from a series of 
covalently linked subunits.’ 3-5 Ho wever, the 
sequence studies on the peptides cleaved by 
cyanogen bromide from the constituent a chains 
made it clear that there was no internal repetition 
in the molecule; and the precursor molecule, in 
fact, appears to be built from an unreiterated 
amino acid sequence of approximately 120,000 
mol wt. It must be concluded that the alkali or 
hydroxylamine-labile bonds that had been studied 
by Blumenfeld et al. and others are not ester 
linkages, as was deduced earlier, but alkali-sensitive 
asparagine-glycine bonds.’ ’-’ ’ 

The conclusion that each a chain is synthesized 
as a continuous polypeptide was confirmed by the 
experiments of Vuust and Piez, who followed the 
biosynthesis of collagen in calvaria of young rats in 
pulse-labeling experiments modeled after those of 
Naughton and Dintzis.’ 9’ These studies demon- 
strated a continuous gradient of radioactivity 
along the linearly ordered cyanogen bromide 
peptides in the a1 and a2 chains. These experi- 
ments also indicated that the a1 and a2 chains are 
synthesized simultaneously and not successively 
and are completed in 3 to 7 min. 

Many studies have been made aimed at  char- 
acterizing the polysomes engaged in collagen 
synthesis. Early experiments discussed by Could 
indicated that collagen biosynthesis was associated 
with very large polysomal aggregates.22 On the 
basis of these experiments, some authors specu- 
lated that the whole triple helical structure might 
be biosynthesized on the same very large poly- 
some. Other work on cell homogenates from other 
tissues has shown that biosynthesis can be 
detected in polysomes of a more usual size (e.g., 
200 to 300 Svedbergs).6 O p 6  These findings are 
compatible with the probability that each collagen 
chain is synthesized in fofo in a normal manner 
with several ribosomes translating from a single 

mRNA molecule. The production of skin, tendon, 
or bone collagen with its demand for two a1 
chains for every a2 chain might be expected to 
entail some rate controls at the transcriptional or 
translational level of biosynthesis; of the many in 
vitro systems in which the synthesis of collagen 
has been studied, only Layman et al. have reported 
an apparent disproportionation, with an excess of 
a2  chains detected outside the cells.62 

Hydroxylation and Clycosylation 
In the course of the synthesis of the poly- 

peptide chains that constitute the collagen macro- 
molecule, a certain fraction of the proline residues 
normally becomes hydroxylated in either the 3 or 
the 4 position in the pyrrolidone ring. This 
hydroxylation is accomplished by enzymes that 
have been termed proline hydroxylases. It is 
presumed from studies on the specificity of 
hydroxylation effected by the isolated proline 
hydroxylase that the enzyme giving rise to the 
3-hydroxyproline is different from that producing 
the 4hydroxy derivative. A selective hydroxyla- 
tion process also takes place on certain of the lysyl 
residues in the molecule.63 This reaction is 
catalyzed by a third enzyme, lysyl h y d r ~ x y l a s e . ~ ~  
Each of these hydroxylation reactions requires the 
presence of the enzyme, ferrous ions, a-keto- 
glutarate, and atmospheric oxygen; ascorbic acid 
usually increases the rate of hydroxylation, al- 
though its role in the reaction is not yet deter- 
mined. Removal of any of these cofactors results 
in a decrease in the rate of collagen biosynthesis 
and a partial decrease in the rate, or a complete 
block, of collagen secretion by the cell. These facts 
have been exploited by many workers to explore 
the mechanisms and the sequential stages in the 
biosynthesis, hydroxylation, and glycosylation of 
the collagen molecule prior to its excretion by the 
cell. 

Not all of the proline or lysine residues in the a 
chains become hydroxylated. This fact reflects, in 
part, the specificity of the enzyme that permits it 
to hydroxylate proline residues only in certain 
locations. In general, the hydroxylation of proline 
in mammalian collagens is restricted to residue Y 
of the characteristic collagen tripeptide sequence 
-Gly-X-Y- and only in those triplets that precede 
glycine. The most recent studies on the 
mechanisms, kinetics, and restraints on the process 
of proline’ hydroxylation have been published by 
Kivirikko et aL6 
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Very soon after sequencing studies were begun 
on collagen peptides, it was noted that proline and 
lysine residues in certain locations in the a chains 
were incompletely hydroxylated; i.e., some of the 
molecules in the extract from the tissue contained 
residues that had escaped hydroxylation. Similarly 
it was noted that collagens in different tissues 
demonstrate characteristically different levels of 
hydroxylation. Thus, Bomstein demonstrated that 
in the 36-residue peptide al-CB3 from the major 
rat collagen, seven of the proline residues are 
hydroxylated if the collagen is extracted from 
skin, but only three in tendon.66 However, when 
these peptides were treated with proline hydrox- 
ylase, in vitro, the two peptides became hydrox- 
ylated to the same degree.67 We must conclude 
that there is a tissue-specific difference in the 
process of hydroxylation that is not a reflection of 
the collagen primary structure or the enzyme 
specificity (at least as manifest in the enzyme 
tested in vitro - although tissue-specific hydrox- 
ylases have not been disproved). 

The collagen molecules that are found in 
different tissues contain carbohydrate bound 
through an 0-glycosidic linkage to hydroxylysine. 
Hydroxylation is therefore a necessary preliminary 
step to glycosylation. From enzymatic digests of 
mammalian collagens from different tissues, 
various levels and ratios of galactosylhydroxyly- 
sine and glucosylgalactosylhydroxylysine have 
been measuredf8 and, as in the case of proline 
hydroxylation, there have been detected, even in a 
single tissue, differences in glycosylation in differ- 
ent fractions of the collagen successively extracted 
by solvents6 

In lower organisms other sugars are found 
linked to collagen, and bonding occurs through 
other amino acids (e.g., serine, in earthworm 
cuticle ~ o l l a g e n ) ~ ~  ,7 but galactose and glucosyl- 
galactose are the only significant substituents on 
mammalian collagens. The level of glycosylation is 
very low in the collagen of mammalian skin and 
tendon - only a single substituent on the a1 chain 
of the rat - but it is high in the basement 
membrane collagens.72 In some invertebrates the 
major collagens are heavily gly~osylated.~ 

We can conclude from the evidence summarized 
above that the collagen molecules extracted from 
any one tissue display a microheterogeneity with 
respect to a pattern of substituents along the three 
polypeptide chains and that in any one animal 

there are consistent, tissue-specific differences in 
the levels of substituents on the chains. 

Microheterogeneity is a familiar observation for 
workers in the field of glycoprotein structure. In 
these proteins, where glycosyl residues are 
sequen t  i a1 1 y a t t ached  t h r o u g h  enzymic 
mechanisms to  a polypeptide chain, significant 
heterogeneity can appear in a bulk population of 
molecules that is analyzed. It remains to be 
determined whether this heterogeneity in the case 
of glycoprotein reflects a lax control over the 
activity of the sequence of enzymes involved in 
the glycosylation, and in the case of collagen, lax 
control over the proline and lysine hydroxylases 
and the glycosyl transferases. We will return later 
in this article t o  a discussion of the possibility of a 
purposive discrimination of populations of 
collagen molecules by a selective pattern of 
substitution on amino acid residues. 

Control of Collagen Exocytosis 
Prockop and his collaborators noted that if the 

hydroxylation of collagen is inhibited in vitro by 
the chelation of ferrous ions (e.g.., by adding to the 
medium the iron chelator, a,a'-dipyridyl) or by 
anoxia, then the secretion of collagen is inhibited. 
They also showed by autoradiography that under 
these conditions proline-rich polypeptides accumu- 
late in the ~ e l l s . ' ~ - ~  T h s  underhydroxylated 
collagen precursor was named protocollagen. 

Subsequent work has shown that this blocking 
of collagen secretion is not absolute. Margolis and 
Lukens demonstrated that in the presence of the 
chelator hydroxyproline-deficient chains were 
excreted, but only at a fraction of the rate of the 
chains in cells grown in media supplemented with 
ferrous ions.7 Ramaley and Rosenbloom have 
shown that the excreted chains are smaller than a 
chains." The relationship of the excreted chains 
to  normal a chains therefore is uncertain. The 
protocollagen retained in the cells in a,a'- 
dipyridyl-containing media would appear to be 
complete a chains or longer, i.e., pro-a chains, as 
will be discussed below.79 Much of the proto- 
collagen appears t o  be normal collagen, apart from 
the lack of hydroxylation, because when ferrous 
ions are restored to  the culture, these accumulated 
polypeptide chains are quickly released by the cell 
and normal collagen molecules are detectable id 
the culture medium.' Therefore, the polypeptide 
chains can be released by the ribosomes after their 
synthesis is complete irrespective of their level of 
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hydroxylation, but in the course of normal 
biosynthesis, however, hydroxylation is begun, at 
least, while the polypeptide chain is being 
synthesized and is attached to the ribosome.60 I 

6 1 , 8 1 a  

These experiments signify that there is some 
mechanism to prevent the secretion by the cell of 
incomplete collagen molecules. Most experiments 
on these in vitro systems have been concerned 
with the hydroxylation mechanisms, but since 
glycosylation must necessarily be preceded by 
hydroxylation, which of these steps is the critical 
one to open the way for exocytosis is not clear. 

It is appropriate t o  discuss here the question of 
glycosylation and protein secretion by cells. Eylar 
in 1966 noted the widespread occurrence of 
glycosylated proteins in extracellular tissues and 
suggested that the attachment of sugars to protein 
was a necessary preliminary and recognition signal 
to permit its export through the cell membrane." 
This hypothesis has recently been discussed 
critically by Winterburn and Phelps.' These 
authors define the limit of intracellular, as against 
extracellular, domains stringently and conclude 
that the intracisternal medium in the endoplasmic 
reticulum is extracellular in view of its potential or 
intermittent communication with the medium 
outside of the cell. On the basis of this definition, 
these authors conclude that the question whether 
a protein is made for export or is made to be 
retained is decided by the cell from the moment 
the ribosome becomes attached with its messenger 
RNA to the endoplasmic reticulum surface to 
make a membrane-bound polysome, as opposed to 
those polysomes that remain freely dispersed in 
the cytoplasm. 

Winterburn and Phelps discuss the evidence that 
indicates that glycosylation of the typical extra- 
cellular protein occurs either as the polypeptide 
chain passes through the endoplasmic reticular 
membrane or immediately afterwards. The poly- 
saccharide chains may subsequently be lengthened 
by successive additions of sugar through enzyme- 
mediated glycosylations withn the endoplasmic 
reticular cisternae or the Golgi vesicles. Thus 
glycosylation is not the factor that dictates 
whether the protein should be secreted by the cell 
since, if these conclusions are correct, that fate 
was decided before glycosylation commenced. It 
has been noted, moreover, that nonglycosylated 
proteins are secreted by cells and some glyco- 
sylated proteins remain intracellular. The familiar 

extracellular proteins that carry no carbohydrates 
include serum albumin, trypsinogen, chymo- 
trypsinogen, 0-lactoglobulin, and a-lactoglobulin. 
Since some of these proteins are zymogens, it 
seems unlikely that any carbohydrate was origi- 
nally attached to the polypeptide chains and was 
then excised. In view of these criticisms, the basis 
for Eylar's hypothesis now appears very insub- 
stantial. 

With this discussion in mind, let us reexamine 
the biosynthesis and secretions of collagen. While 
the growing peptide chain is bound to the ribo- 
some, the size of the polysome would indicate that 
the completed length of the chains has not begun 
to fold into a triple helix; indeed, the association 
of two polysomes (for the a1 and a2 chains) 
through folding peptide chains would become a 
topological nightmare if more than one of the 
several nascent chains on the polysome began to 
associate. Since Lazarides and Lukens showed that 
partially completed chains attached to  ribosomes 
are usually heavily hydroxylated, we may con- 
clude that the selective hydroxylation that will 
ultimately distinguish the tendon from the skin 
collagen, for example, must normally occur on the 
polypeptide chain as i t  is unfolded or only folded 
in the polyproline I1 helix.6 ' 

This conclusion is consistent with the experi- 
ments on the hydroxylation of synthetic sub- 
strates by Kikuchi et al., who concluded that triple 
helices are poor substrates compared to single 
chains for the hydroxylase  enzyme^.'^ However, 
Kivirikko and his co-workers compared a large 
variety of polymers of the structure (X-Pro-Gly), 
as substrates for proline hydroxylase, and they 
concluded that hydroxylation can be effected on 
triple helical  structure^.^^ As the latter workers 
have discussed, it is difficult to draw conclusions 
from these conflicting studies on synthetic poly- 
mers. More relevant are the observations of 
Rhoads et al., who found that the al-CB3 peptide 
from rat collagen could be hydroxylated in vitro 
most effectively in the unfolded state.6 ' 

There is no unequivocal evidence yet to demon- 
strate whether or not the a chains are bio- 
synthesized on the endoplasmic reticulum. If we 
can accept the probability that synthesis occurs on 
membrane-bound ribosomes, then, if current 
theories are correct, the completed a chains must 
accumulate in the cisternae of the endoplasmic 
reticulum and pass to the Golgi apparatus before 
secretion. Trelstad has observed elongated vesicles 
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with possibly fibrous contents in collagen-secreting 
cells of the chick corneal epithelium.*’ These 
vesicles may be closed elements of the endo- 
plasmic reticulum containing separated chains 
undergoing hydroxylation. Observations confirm- 
ing vesicular storage have been reported by 
Coulombre and Coulombre.86 It would follow 
that the proline hydroxylases must be membrane 
bound or located withm the cisternae. It has been 
noted that in cell extracts the enzyme appears to 
be soluble and unbound. 

At present it is uncertain what condition the a 
chains are in within the cell when glycosylation 
and lysyl hydroxylation (a prerequisite for glyco- 
sylation) take place. Certainly both lysine and 
proline hydroxylation are separate and apparently 
necessary steps prior to exocytosis. In place of 
a,a’-dipyridyl inhibition of hydroxylation, Dehm 
and Prockop and Harsch et al. invoked a more 
selective inhibition by adding cis-hydroxyproline 
and dehydroproline, respectively, to cell cul- 
t u r e ~ . ~ ’  ,88 Proline hydroxylation did not occur, 
and protocollagen accumulated in the cells. 
Similarly, Christner and Rosenbloom observed a 
block in collagen secretion in cells treated with 
dehydrolysine .’ 

Glycosylation of collagen also occurs prior to 
exocytosis. Experiments by Grant et al. on base- 
ment membrane collagen synthesis by chick lens 
cells showed that the molecules persist within the 
cell 30 min after full glycosylation has been 
effected:” the delay in exocytosis may relate to 
slow proline hydroxylation or to some other 
factor. 

It is not certain whether glycosylation occurs 
on the collagen molecules before or after triple 
helix formation. Bosmann and Eylar have isolated 
both galactosyl and glucosyl transferase enzymes 
from a line of  fibroblast^.^' 392 The enzyme will 
specifically attach galactose to hydroxylysine 
residues in a collagen chain and subsequently add 
glucose to the galactose. The artificial substrate 
used by these authors for the assay of this reaction 
was prepared from guinea pig collagen that had 
been denatured through removing the hexose 
residues by periodate and acid hydrolysis. Since 
the collagen chains will refold in a cooled solution, 
i t  is possible that there was some polyproline type 
11 helix folding in the chains prepared in this way, 
but it is most unlikely that any triple helix 
reformed. Most probably the chain was largely 
denatured under the conditions and temperature 

of the emyme assay. However, these observations 
do not preclude the activity of the enzyme on 
triple helical chains. These authors also reported 
that the glycosylating enzymes are in the plasma 
membrane of the cell and not in the membrane of 
the smooth endoplasmic reticulum. 

In view of the very limited action of the 
glycosylating enzyme on the substrate, substi- 
tuting only one disaccharide unit per skin collagen 
a chain in vivo, for example, we must conclude 
that the site of glycosylation on the molecule is 
partly dictated by the enzyme specificity that 
selects a particular sequence on the chain.93 
Although such tissue-specific glycosylation pat- 
terns may be dictated, for example, by allosteric 
control mechanisms, it remains possible that in 
tissues producing more heavily glycosylated 
collagen chains there are different glycosylating 
enzymes. On the other hand, the same enzyme 
might bring about different levels of glycosylation 
when acting on collagen chains with distinguish- 
able primary sequence (e.g., skin, cartilage, or 
basement membrane collagen). 

From this discussion we may conclude that 
proline and lysine hydroxylation (and possibly 
glycosylation also) must occur before the nascent, 
helical collagen molecules are allowed to leave the 
cell. It is uncertain at what step the triple helix 
forms. The fact that cells inhibited by iron 
chelation slowly secrete heterogeneous proto- 
collagen chains shorter than a chains suggests that 
the chains are vulnerable to proteolytic degrada- 
tion that is initiated either within the cell, or 
during the passage through the membrane, or in 
the extracellular medium. Extracellular degrada- 
tion would be a natural consequence of the release 
of unfolded, separate a chains because these are 
vulnerable to proteases. Hence, we conclude that 
the triple helix formation occurs late, possibly just 
prior to secretion. 

In summary, we may conclude tentatively that 
the decision for exporting collagen is not predi- 
cated upon the glycosylation of the chains, but is 
made at the time the mFWA-ribosome associates 
with the membrane. The completion of chain 
synthesis is independent of the hydroxylation and 
glycosylation. Since hydroxylation almost certain- 
ly occurs on an unfolded polypeptide chain 
(attached to the polysome), it is unlikely that 
there are steric constraints, and the pattern of 
substitution must be dictated by the enzymes 
involved. Hence, we must look for the tissue 
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specificity of hydroxylating and glycosylating resi- 
dues in the controlled activity of the modifying 
enzymes. 

The newly synthesized polypeptide chains are 
probably held in vesicles that then are transported 
to the cell surface by a mechanism involving 
microtubules. These organelles have been impli- 
cated in many circumstances with intracellular 
transport, and reports by Ehrlich and Bornstein 
and by Dehm and P r o ~ k o p ’ ~ ~ ’ ~  show that 
exocytosis is delayed in cells treated with antago- 
nists to microtubules, the drugs colchicine and 
vinblastine. 

The step in collagen secretion that demands 
hydroxylation (and possibly glycosylation also) is 
not defined. It might be a mechanism coupling 
helix formation to the action of registration 
peptides (see below) and reaction at the plasma 
membrane (where the glycosylating enzymes are 
reported to be bound); certainly the lack of 
hydroxylation would not appear, in theory, to be 
an impediment to chain folding. The incomplete- 
ness of our knowledge of the mechanisms control- 
ling the decoration and secretion of collagen by a 
cell is highlighted by recent studies on a human 
hereditary condition resembling the Ehlers-Danlos 
syndrome. In these patients the collagen molecules 
(in certain tissues only) have an abnormally low 
content of hydroxylysine, but the tissues are not 
deficient in ~ol lagen . ’~  Hence, in this condition a 
low level of lysine hydroxylation - and possibly, 
glycosylation - does not prohibit collagen 
exocytosis. Moreover, even in normal animals we 
do not know at what step in collagen production 
ascorbic acid is required. Any deductions we draw 
from experimental findings at present must be 
tentative. Further studies on mutant organisms 
may give insights into collagen synthesis that are 
not available from experiments that employ chem- 
ical intervention. 

Procollagen 
The sequence of intracellular events described 

above appears designed to regulate the biosyn- 
thesis and secretion of a collagen molecule whose 
primary sequence is appropriate to the tissue 
(tendon, cartilage, or basement membrane), whose 
proline and lysine residues have been hydroxylated 
and glycosylated to a degree also appropriate to 
the tissue, and whose chains have been folded into 
a triple helix configuration. Studies on the biosyn- 
thesis of collagen in cell or organ cultures demon- 

strated that a fraction of the population of newly 
secreted molecules could be found that was longer 
by 10 to 20 nm than the molecule that is 
extracted from the native fibrils (Figure 4). The 
ratio of these larger chains to the normal size 
chains in the tissue culture fluids varies; the work 
of Layman et al. on fibroblasts, of Church, Pfeiffer, 
and Tanzer on 3T6 fibroblasts, of Bellamy and 
Bornstein, and subsequent work by Ehrlich and 
Bornstein and Barnstein et al. on rat and chick 
calvaria, all provided evidence for a novel form of 
the nascent molecule with all three a chains 
elongated, but estimates of the size of the collagen 
precursor varied.6 >’ 7-1 O 0  S ubsequent studies by 
Prockop and his collaborators on biosynthesis by 
chondrocytes in culture seem to have provided a 
cleaner system for investigation, in the sense that 
most molecules appear in the elongated form that 
is now widely regarded as a precursor of the 
molecule that will make the collagen fibrils.’ ’ ’ 
’ O 2  This precursor has been called procollagen. 

In the flurry of activity subsequent to these 
discoveries, many tissues culture systems have 
been investigated, and an enzyme, procollagen 
peptidase, that can cleave the large amino-terminal 
peptides that exist on all three a chains has been 
discovered in the extracellular fluid of cultured 
calvaria and other tissues.’ 03¶’ O 4  A very similar 
cleavage can be effected by treatment of the 
procollagen molecules at  acid pH with pepsin. The 
susceptibility of these amino-terminal peptides to 

FRACTION NUMBER 

FIGURE 4. Elution diagram of collagen chains and 
collagen peptides together with nascent, pro-a1 chains 
from chick calvaria labeled biosynthetically with 
35Scysteine.  The order of elution from the molecular 
sieve column (4% agarose beads) is indicative of chain 
length: The pro-a1 chains are longer than a1 chains and 
contain cysteine. (Reproduced from Bornstein, P.,  yon 
der Mark, K. ,  Wyke, A. W., Ehrlich, H.  P., and Monson, J .  
M.,J. Biol. Chem., 247, 2808, 1972. With permission.) 
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protease suggests that they do not have a triple 
helix structure, and analyses have confirmed this 
point; these peptides have a lower glycine and 
proline content than the main lengths of the a 
chain. The peptides do  not appear to be compactly 
folded in a globular form since they can become 
aligned, giving an appearance of a linear extension 
of the chains when SLS crystallites of the mole- 
cule are formed. These crystallites are longer by 13 
nm than the crystallites of soluble collagen, but 
the length of these appendages cannot be directly 
correlated with their weight without knowledge of 
the folding and structure within this terminal 
region.' O 5  

It  has been speculated that these procollagen 
peptides serve to modify the solubility characteris- 
tics of the collagen molecule to permit its trans- 
port from the cell to the site of fiber growth, but 
clearly these peptides can also be involved in 
homeostatic control of fiber formation, and they 
might also have a role in initiating helix formation 
that, as we have discussed, might be related also to 
glycosylation and extrusion from the cell. 

At the time of the first discovery of pro- 
collagen, Speakman was speculating that there 
might be terminal peptides on the collagen mole- 
cule that served to register or initiate the folding 
of the three chains into the triple helix.Io6 He 
based his postulate on the apparent need for a 
mechanism to promote the rate of helix formation 
after biosynthesis. Annealing denatured a chains 
to restore a triple helix configuration is a slow 
process in vitro, but the rate-limiting step is 
probably the ordering of the three a chains 
appropriately for helix formation. Speakman sug- 
gested that the associative properties of the "regis- 
tration peptides" might initiate chain folding. The 
necessary subsequent removal of these peptides by 
a proteolytic step is analogous to the conversion of 
zymogens to give active enzymes; it is becoming 
apparent that such proteolytic activation of pro- 
teins is a widely used metabolic mechanism (e.g., 
fibrinogen to monomer fibrin;' ' proinsulin to 
insulin;' O 8  immunoglobulin to light chains' '). 

Recent work on several biosynthesizing systems 
has shown that the amino-terminal peptides that 
can be cleaved from each procollagen a chain have 
a molecular weight of 20,000 to 35,000.9 In 
several systems the three chains of procollagen 
have been shown to cohere despite denaturation, 
and Burgeson et al. have related this property to 
disulfide bonds formed through cysteine residues 

in the registration peptides.' ' Cysteine does not 
occur in the helical lengths of the a chains, a fact 
that emphasizes the several striking differences in 
composition between the registration peptide and 
the helical length of the chain. Analyses by 
Bornstein and his co-workers of procollagen from 
chick calvaria showed that the registration peptide 
is low in glycine but rich in serine; they also found 
no cysteine in the pro-a2 chain.99 In this instance, 
therefore, the triple helix nucleation is not solely 
based on disulfide bridges, and a better under- 
standing of the process must await fuller analyses. 
It is also to be expected that some differences will 
be reported by the several groups working in t h s  
area who are studying cells of different species and 
tissues. 

The cleavage of the registration peptides 
probably occurs extracellularly. The experiments 
by Grant et al. on chick basement membrane 
collagen suggest that procollagen molecules may 
persist 1 hr after exocytosis before scission of the 
peptides takes place.' ' ' Similarly, the observa- 
tions by Ehrlich and Bornstein showed an en- 
hancement of nascent procollagen to nascent 
collagen chains under conditions expected to 
block transport of vesicles of procollagen to the 
cell surface, and these results are most simply 
interpreted by assuming that the cleavage of the 
peptides is normally extracellular.' ' ' Indeed, it 
appears likely that cleavage may be one step in the 
metabolic control over the site and time of the 
deposition of the collagen into a fibril. It is 
possible that selective proteolysis might remove 
the peptide in more than one step with appro- 
priate changes of reactivity at each stage.' ' ? '  l 4  

Since newly synthesized collagen molecules in 
extracellular tissue do not contain cross-links or 
aldehyde derivatives, it  is also feasible that these 
peptides serve to inhibit the activity of any lysyl 
oxidase that has access to the molecules. It also is 
possible that these appendages serve to direct or 
modify appropriate interactions with other con- 
nective tissue constituents so that the deposition 
of the collagen molecules may correspond to the 
requirements of the tissue, e.g., t o  be deposited in 
appropriate locations near a wound or in regions 
of growth. 

Although it may appear at first sight implaus- 
ible, there can be no doubt that the terminal 
peptides on the collagen molecule drastically 
affect the solubility and interactive capacity of the 
molecules. Schmitt, Hodge, and co-workers noted 
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the change in the solubility character of collagen 
after the protease reaction on the native mole- 
c u ~ e . ~  ' 9' ' Their work over several years estab- 
lished the existence of the telopeptides; and those 
at the amino-terminus, at least, are the remnant of 
the registration peptides on the a1 and a2 chains. 
For example, collagen treated with trypsin pre- 
cipitates in an SLS crystallite that is symmetrical 
rather than p ~ l a r i z e d . ~  ' This observation implies 
that the telopeptides dictate the mode of lateral 
association of the molecules when they crystallize. 
These workers also observed that pronase-treated 
collagen is soluble over a far wider range of pH and 
ionic strength than the native molecules. Further- 
more, although the fibrils containing a 670 A 
spacing could be precipitated from pronase 
collagen under special conditions, the tendency of 
the molecules to precipitate in this manner under 
physiologic conditions no longer occurred. In the 
same vein, Leibovich and Weiss and Steven et al. 
have discussed changes in the mode of precipita- 
tion of collagen after it has been treated with 
various enzymes. ' 3 '  ' W e may conclude that 
although the charge profile of the molecule is 
probably adequate to order the molecules in the 
quarter-staggered array of the native fibril, the 
tendency of the molecules to interact, and their 
associative properties, are significantly determined 
by these terminal peptides. 

In view of its size, it is highly probable that the 
registration peptide does more than initiate helix 
formation and maintain the nascent molecule in a 
soluble state prior t o  its accretion to an extra- 
cellular collagen fiber and, as mentioned above, 
this amino-terminal appendage may be removed in 
steps that relate to stages of activation. It also is 
possible that the cleaved peptides, like the fibrino- 
peptides, have a metabolic function perhaps 
related to extracellular homeostasis. 

Extracellular Fiber Formation 
The collagen molecules that are secreted by the 

connective tissue cells either initiate the synthesis 
of new fibrils or add to the surface of existing 
fibrils to enlarge them. The manner of this 
accretion and the homeostatic mechanisms that 
govern the degree of accretion and the initiation of 
new filaments is unknown, but we will discuss 
possibilities that have been considered. 

It has been noted that the planar array of 
quarter-staggered molecules that was first il- 
lustrated by Hodge and Petruska (Figure 3) cannot 

be developed into a space-filling, three-dimensional 
structure.' Smith has argued that the most 
plausible manner in which a close packing of 
collagen molecules into a fibril can be achieved is 
through the formation of a pencil of staggered 
molecules in a helical assemblage of five mole- 
cules.' '' He therefore pictures a collagen fibril as 
an aggregate of the protofilaments formed by the 
polymerization of this pencil. Veis and his col- 
leagues have studied the aggregates of a chains that 
can be dispersed from insoluble collagen by heat 
or denaturant treatment, and they have evidence 
for a particular aggregate that is considerably 
larger than the three chains of one molecule and 
which they find compatible with the cross-linked 
chains that might arise from a four-unit packing 
assemblage of chains.' ' Recently Miller and 
Wray deduced from x-ray crystallographic studies 
that a protofilament exists in teased tail tendons 
of-,rats and that the dimensions of the proto- 
filament are compatible with a five- (or possibly 
four-) membered protofilament subunit of 
structure.' ' ' 

Confirmation of a protofilament substructure of 
collagen fibrils by electron microscopy is equivo- 
cal. In my own experience, long filaments of about 
3 nm in diameter can be observed in reconstituted 
fibrils but not in teased and macerated dispersions 
of native tendon. On the other hand, Bouteille and 
Pease detected fibrillar organization wider than 
one molecule within fibrils of tendons.' * 

Some observations are not easily reconciled 
with a protofibrillar substructure in the fibrils. The 
organizational element described by Miller and 
Wray from their equatorial x-ray reflections 
measured about 3.8 nm in diameter."' The 
diameters of fibrils in a young tendon range down 
to 20 nm. If a 4-nm protofibril were added to a 
20-nm diameter filament, the addition should 
result in a resolvable bump on the surface of the 
cylinder of the tendon. In contrast, most electron 
micrographs of tendons in cross section demon- 
strate a smooth circular profile with no  evidence 
of An irregular surface. I t  is, moreover, not clear 
what weight should be given to the argument that 
the molecules are arranged to maximize the 
space-filling capacity of the molecules in their 
staggered array. The density measurements on 
collagen fibrils are not yet accurate enough to rule 
out structures that may be assembled with less 
than optimal packing. 

This extended discussion is justified because it 
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is not yet clear whether individual molecules are 
added successively to  build up the diameter of a 
fibril or whether nascent molecules first order 
themselves into a protofibril that in its turn binds 
to the fibril in appropriate register with the 
protofibrils assembled before it. The successive 
addition of separate molecules to an existing fibril 
would appear to be the simplest physical process. 
If this process is the normal one, it still remains 
unclear whether successive molecules add in any 
special sequence or randomly to those arrayed in 
the fibril. If the latter is the case, because the 
molecules are staggered, we may anticipate voids 
along the axis of the fibril that cannot accom- 
modate intact molecules and are approximately 
one-, two-, or three quarters the length of the 
molecule. So long as adequate lateral cross-links 
are added to maintain the longitudinal stability of 
this association, it is plausible that such an 
association could serve the biological function of a 
tensile stress-bearing structure, and it is not 
necessary to assume that the lateral surfaces of the 
molecule juxtaposed to other molecules must be 
maximized. Indeed, such a structure with long 
voids would have a tensile strength per unit mass 
greater than the structure assembled from Veis’ or 
Smith’s protofibrillar elements if the strength of 
collagen fibrils is imparted more by covalent 
intermolecular cross-links than by the forces 
directing the lateral association of the molecules. 
The weakness of lathyritic fibrils (see below) 
would support this supposition. 

If, on the other hand, successively added 
molecules are sequentially ordered to pack as 
densely as their dimensional constraints will allow, 
then we must search for the interacting mech- 
anism. Speakman suggested that the registration 
peptide might fill the gap to the next molecule, 
providing an obvious means of successive addi- 
tion.Io6 At present, it seems doubtful that the 
peptides are long enough to bridge the gap; 
moreover, this process would require that peptide 
cleavage occur after assembly into the fibril, but 
molecules sheared of the registration peptide are 
found in the supernatant fluid - at least in the 
unnatural circumstances of organ or cell culture. 

Whatever the mechanism of fibril growth, 
whether by individual molecules unit by unit or by 
the addition of aggregates of molecules, the 
primary topic of concern in this review is the 
mechanism by which the body controls the site 
and the mode of deposition of collagen in the 

extracellular tissues. It appears at present that the 
molecules that constitute the fibers in subdermal 
tissues or  in tendon, to take two examples, are 
identical in primary sequence and yet that the 
fibrils they form are disposed in very different 
ways. In and beneath mammalian skin collagen, 
fibrils are disposed in a loose and poorly ordered 
manner, while in the tendon the fibrils are 
arranged in a massive colinear array. Beneath 
amphibian skin, there are orthogonal lamellae of 
parallel fibers. The mechanisms that direct the 
ordering of the fibrils in these various tissues are 
not known, but possible mechanisms will be 
discussed in the section on homeostasis. 

Cross-linking 
After the collagen molecule has become aligned 

in the fibril (and possibly also before), it is 
subjected to further enzymic modification. 
Selected lysine and hydroxylysine residues con- 
centrated in the amino- and carboxy-terminal 
telopeptides are oxidized by an amine oxidase 
(that has been called “lysyl oxidase”) to produce 
aldehyde groups on the &carbon of the lysyl 
residue (i.e., derivatives of 6-adipic semialde- 
hyde).’ ’ y 1  2 4  These aldehydes, by condensation 
with other aldehydes or with the e-amino groups 
of hydroxylysine or lysine on other a chains, can 
form cross-linking aldol or Schiff base (aldimine) 
adducts. Another type of cross-link is formed by 
the Michael addition of an imidazole nitrogen in 
histidine to an aldol’ ” or to merodesmosine or 
h y  d r o x  ymerodesmosine: these products are 
capable of joining three or four peptide chains. 
Finally, the products of the condensation of a 
hexose aldehyde with the e-amino group of lysine 
and hydroxylysine have been detected.’ “ 9’ ’ ’ 
The hexose-containing compounds might link 
collagen chains to proteoglycans or glycoproteins, 
while the aldol, aldimine, and other more complex 
structures might cross-link two or more achains 
within one molecule, or between molecules. 
Several investigators noted, before the structure of 
the more complex adducts was known, that an 
intramolecular aldol condensate might be a 
precursor of an intermolecular cross-link.’28~’ ’ 

As a result of the cross-linking processes, the 
newly deposited collagen molecules that were 
soluble in salt solutions of moderate ionic strength 
become insoluble except to reagents that can 
break the rather weak bonds that are formed by 
the aldehyde adducts. As a result of further 
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processes whose precise chemistry is yet unknown, 
the cross-links become stronger or are modified in 
character (e.g., by reduction) so that they no 
longer can be cleaved by mild reagents, and the 
result is a matrix of “insoluble” collagen molecules 
in which most of the constituent a chains are 
interlinked. 

The stabilization of these aldehyde adducts can 
be effected by reduction, and if the reduction is 
carried out with ’H-sodium borohydride, the 
bonds are not only stabilized but also labeled.’ ’ O ’  

’ 3 1  The problems of isolating the labeled, reduced 
cross-links from 6 N or 3 N hydrochloric acid or 2 
N sodium hydroxide hydrolysates and identifying 
them are described in recent reviews by Piez and 
Gallop et 3 ’  ’ ’ a A number of laboratories have 
been engaged in characterizing the population of 
cross-links in native collagen, and the catalogue is 
large but still incomplete. 

With the hydrolysis of some of the weak 
(unreduced) cross-links in strong salt solutions and 
in dilute organic acids, a fraction of the collagen 
molecules becomes soluble - the familiar “salt- 
soluble” and “acid-soluble” fractions. In the native 
state, however, it appears that all the molecules 
except a very small number of nascent molecules 
are cross-linked; their dissolution depends upon 
the cleavage of intermolecular bonds. The effects 
of solvents on the array of reducible bonds in 
collagen fibrils have been demonstrated by several 
groups of investigators. The solvent-cleaved inter- 
molecular bonds can be at least partially reformed 
by incubating the collagen molecules after they 
have been reprecipitated in a quarter-staggered 
fibrillar array similar to that of the native 
fibers.’ ’ 31 ’’ This interaction and intermolecular 
linking can be blocked by the reaction of thiosemi- 
carbaz ides  with the intramolecular cross- 
links.’ ’-’ The reaction with this semicarbazide 
probably involves the aldol cross-link. Therefore, 
these observations probably indicate that the 
condensation of an intramolecular aldol conden- 
sate with histidine and possibly lysine or hydrox- 
ylysine on another molecule (to give aldol- 
histidine, histidyl merodesmosine, or hstidyl 
hydroxymerodesmosine) is the mode of formation 
of many collagen intermolecular cross-links. Other 
studies have suggested that Schiff bases, particular- 
ly those involving hydroxylysine, are significant 
intermolecular bonds, particularly in hard tissues 
such as bone.’ 

Tanzer showed that the re-formation of cross- 

links did not occur in molecules aggregating in a 
more random fashion (instead of the quarter- 
staggered array), a fact that demonstrates the high 
specificity of the interaction between adjacent 
molecules and the purposive distribution of the 
cross-linking residues.’ ’ This specificity is 
strikingly illustrated by the formation of a cross- 
link involving histidine. In a preliminary compila- 
tion by several authors (Gross, J., personal com- 
munication, 1972) of the complete amino acid 
sequence of skin a1 chains derived from data on 
chick, rat, and calf, histidine was found only in 
residues 89, 929, and 1034 (see Bruns and Gross 
for the numbering convention’ 3 8 ) .  Clearly, any 
intermolecular bond formation to histidine is 
contingent upon precise lateral alignment of the 
molecules. 

The process that produces these cross-linking 
allysine and hydroxylysine residues is the highly 
specific activity of the enzyme lysyl oxidase.’ ’ This enzyme has been characterized and its 
activity studied. It is irreversibly inhbited by 
0-aminopropionitrile, an observation that explains 
the lack of cross-linking in collagen fibrils in 
animals fed this lathyrogen. The enzyme contains 
copper: animals fed on a copper-deficient diet 
show symptoms similar to those of lathyritic 
animals. 

It is not known when the lysyl oxidase acts on 
the collagen molecule, but the enzyme is found 
mostly in the extracellular medium, and the 
following recent experiments suggest that alde- 
hyde formation occurs only after the molecule is 
incorporated into the native fibril.’ 4 0  Only 0.1 to 
0.25% of the collagen in the tail tendon of an 
adult rat can be extracted with neutral saline or 
acidic solutions if the tendons are first reduced 
with sodium borohydride.’ Therefore, we may 
conclude that all but this small fraction of the 
collagen is associated in the fibril through cross- 
links that have been stabilized by reduction. On 
the other hand, if a native tendon is extracted with 
salt solutions, between 1 and 2% of the collagen 
can typically be dissolved. If this salt-soluble 
collagen (the newly synthesized molecules) is 
reduced with sodium borohydride, the level of 
radioactivity that can be detected in the material 
after hydrolysis and chromatography is low, only 
20% or less of the activity in reduced native or 
acid-soluble collagen.’ Therefore, this salt- 
soluble collagen has suffered very little attack at 
this stage by lysyl oxidase, and this conclusion is 
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confirmed by the fact that it consists almost 
entirely of a chains with very few (3 chains, 
showing that little intramolecular cross-linking has 
been effected. Nevertheless, the insolubility of this 
fraction in the reduced, native tendon shows that 
this small fraction of the collagen is bound, 
presumably then as the recipient of aldehyde 
cross-links. 

We may conclude that, for the most part, each 
salt-soluble collagen molecule becomes associated 
in the appropriate orientation in the fibril (or 
protofibril) and bound by cross-links before the 
lysyl oxidase has produced any significant number 
of aldehydes on the molecule itself. It is plausible 
that the registration peptides preclude the action 
of the lysyl oxidase on the procollagen molecule; 
however, the intervals between peptide cleavage, 
the incorporation of the molecule into the fibril, 
and the appearance of allysine and covalent 
cross-links are not known. A large fraction of 
nascent molecules are cross-linked within 24 hr in 
vitro. 

The observations of Lukens on a1 and a2  chain 
heterogeneity in the population of chains retained 
in a cell under up'-dipyridyl inhibition might be 
interpreted to  show that lysyl oxidase acted on the 
chains intracellularly.' ' a In view of the arguments 
above, t h s  conclusion appears unlikely; the heter- 
ogeneity more likely relates to the presence of 
collagen and procollagen chains. 

I t  is possible that the concentration of lysyl 
oxidase is the factor that limits the rate of 
cross-linking. Pulse-labeling experiments have 
shown that the salt-soluble collagen comprises 
nascent molecules and its concentration is normal- 
ly high in young animals. Detailed study has 
shown, however, that the level of salt-soluble 
collagen in a tissue reflects not age, but the rate of 
collagen synthesis; thus, the level is low in a 
starved young animal but high in a starved animal 
restored to a full diet. 

After the rapid establishment of inter- and 
intramolecular cross-links soon after fiber forma- 
tion, other changes in the number and character of 
the cross-links occur in a tissue in the course of 
months or years. These changes increase the 
number of cross-linked chains in tendons (e.g., 
Cannon and Davison' 4 1 )  and decrease the propor- 
tion of salt- and acid-soluble collagen in most 
tissues.' 42-1 4 5  Some of these solubility changes 
indicate the stabilization of some previously acid- 
labile cross-links; the detection of reduced di- 

hydroxylysinonorleucine in collagen suggests that 
one method of stabilization that occurs involves 
reduction in ~ i v 0 . l ~ ~  It is questionable whether 
the slow changes in the cross-links indicate further 
enzyme activity because it is not clear what access 
an enzyme can have to molecules packed in close 
array in the center of a fibril. Some of the 
age-related changes probably relate to the progres- 
sive dehydration of connective tissue and an 
improved crystallinity in the packing of the 
collagen. 

Mention has been made of the specific siting of 
the allysine and hydroxyallysine residues. Most of 
the aldehydes are located on the telopeptides. This 
fact is demonstrated by the removal of intramolec- 
ular cross-links from native molecules by pepsin or 
other enzymes that can attack only the telo- 
pep tide^,^' s4 ' by the elimination of the aldehyde 
residues themselves from a chains by pepsin 
treatment of acid-soluble collagen (Davison, un- 
published), and by the identification of the alde- 
hydes on the amino-terminal peptide split by 
cyanogen bromide from a1 and a2 chains of 
acid-soluble collagen (Reference 147 and Patel, A. 
and Davison, P. F., in preparation). Few of these 
aldehyde residues are detectable in the native 
fibrils, but they are exposed when dilute acid, in 
dissolving part of the collagen fibril, hydrolyzes 
several complex intermolecular cross-links and 
also, possibly, interchain aldimines. 

The terminal location of the cross-linking sites 
is shown also by direct analysis of the cyanogen 
bromide peptides of reduced, tritiated, acid- 
soluble collagen' 4 7  *' ' or guanidine hydro- 
chloride-denatured extracts (Davison, P. F., un- 
published data, 1972). Kang found H-hydroxy- 
norleucine only in the amino-terminal peptides 
of the a1 and a2 chains from rat tail tendon;' ' 
Eyre and Glimcher confirmed that the amino- 
terminal site predominates.' 4 '  In our laboratory 
we found, in addition, that 20% of the label is in 
the carboxy-terminal peptide. Stark et al. have also 
detected allysine residues in the carboxy-terminal 
peptide, and in this case they have defined the 
location to within the telopeptide region of the a1 
chain.I4' 

In contrast to these findings, Deshmukh and 
Nimni reported a significant population of alde- 
hydes in cyanogen bromide peptides from regions 
far from the terminal segments of the a1 chain in a 
special fraction of collagen, the cysteamine- 
soluble, from rat tissues.' ' These aldehydes 
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were not detected in Kang’s or our own experi- 
ments on rat acid-soluble collagen; either the 
cysteamine-soluble fraction is especially heavily 
modified by the action of lysyl oxidase, or these 
aldehydes are artifacts of the isolation pro- 
cedure.’ ’ Shuttleworth and Glimcher reported 
cross-linking sites on rat skin collagen that were 
invulnerable to chymotrypsin, and, therefore, they 
concluded, not on the amino-terminal telopep- 
tides; but they did not define the location 
further.’ 5 z  

Other evidence (Davison, P. F. and Patel, A., 
unpublished data, 1972) indicates that the inter- 
molecular cross-links, at least, are built entirely by 
the aldehyde residues located on the telopeptides. 
As mentioned above, when collagen is reduced in 
the native fibril, virtually none of the collagen 
molecules can be extracted by acid or salt solu- 
tions. On the other hand, digestion of such 
reduced fibrils with pepsin at 20°C results in the 
liberation of better than 90% of the collagen in a 
soluble form. This solubilization is the result of 
the cleavage of the amino- or carboxy-terminal 
telopeptides that are the only parts of the 
molecule vulnerable to pepsin under the 
conditions of the experiment. In the polarized, 
quarter-staggered array of a native fibril, the 
limited reach of the telopeptides precludes their 
forming intermolecular cross-links (except in a 
special case) to other telopeptides, and these 
cross-links are made to the triple helix body of an 
adjacent molecule. The scission of the aldehyde- 
containing peptide chains at any site short of the 
aldol adduct results in the separation and 
solubilization of the molecules previously bound 
by such cross-links, and the reduced aldehyde 
adduct is then found attached to the region of the 
recipient molecule to  which the aldehyde reacted 
(Figure 5). Cyanogen bromide cleavage of a1 
chains from such pepsin-solubilized, reduced 
native fibers indicates that adducts form to several 
positions along the helix with some preference for 
the carboxy-terminal peptide al-CB6.  

The  exceptional intermolecular cross-link 
mentioned above would join amino-terminal to 
amino-terminal chains (or carboxy-terminal to 
carboxy-terminal) in the case of molecules 
juxtaposed in register. Evidence for such cross- 
linking has been reported by Zimmerman et al.’ ’ 
Such cross-links, as well as aldehydes not yet 
involved in adducts, could be excised completely 
by pepsin. On the other hand, intermolecular 

D U 

I 
PEPSIN 

@ -  

FIGURE 5 .  An illustration of the possible disposition of 
intermolecular cross-links formed through aldehyde 
residues on telopeptides is shown beneath a diagrammatic 
representation of a native collagen fibril with banding of 
67-nm periodicity. Intramolecular cross-links are not 
shown. 

Dilute acid treatment of the native fibril would 
hydrolyze some of the cross-linking adducts, and the 
solubilized molecules would then carry N- or C-terminal 
ally sine or hydroxyallysine residues. 

Borohydride reduction renders the aldehyde adducts 
invulnerable to dilute acid hydrolysis, but the cross-linked 
molecules can be solubilized by pepsin, which cleaves 
peptide bonds in the telopeptides. In the 
pepsin-solubilized preparations, some pepsin-resistant 
bonds (R) give rise to some polymeric forms that appear 
in solution. Some of the solubilized molecules now carry 
the reduced aldehyde adducts on the site to which the 
aldehyde had reacted. Uncoupled aldehydesmare excised 
(if the telopeptides are pepsin-labile) and appear as 
dialyzable aldehyde derivatives in short peptides. 

The band periodicity in the native fiber is frequently 
assigned the length D; the collagen molecule has a length 
4.4 D.’ ’ 

cross-links formed from aldehydes situated in the 
triple helix length of the collagen molecule, as 
Deshmukh and Nimni described, could not be 
cleaved by the enzyme since neither a reduced 
Schiff base or aldol compound, nor the peptide 
chain in which they are situated, is vulnerable to 
pepsin.’ ” The fact that reduced native tendon is 
so well solubilized by pepsin implies that such 
cross-links must be very few or absent from tail 
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FIGURE 6. Segment-long-spacing crystallites of collagen digested by rabbit corneal 
collagenase are shown after negative staining: top left, collagen from human umbilical cord; top 
right, digested (upper) and control (lower) collagen from lamprey skin; bottom left, rat skin 
collagen; bottom right, calf articular cartilage collagen. The point of enzyme cleavage T appears 
to be identical on all the collagen molecules. The two samples on the left are (al), a2 type, 
the others (al) ,  collagens. 

Under these staining conditions (phosphotungstic acid, pH 4.2), the banding patterns are 
similar, but all except the human and rat segments are distinguishable. 
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similar to that found in the involuting rat uterus. 
The activity of the two rat collagenases exem- 

plifies the differences in activity that have been 
observed in collagenases over several species 
including amphibia, but the significance of this 
difference is uncertain. On the one hand, the 
collagenase may produce a single cleavage a t  a 
point 75% of the molecule from the amino- 
terminus; on the other hand, other enzymes 
appear capable of producing other cleavages, 
particularly at  points 62 and 67% of the length of 
the molecule from the amino-terminus. It may be 
noted, however, that some investigators have had 
to go to extravagant lengths to eliminate 
contaminating protease activity from tissue 
collagenases. At present the possibility cannot be 
dismissed that the several sites of attack on the 
molecule indicate the action of a cathepsin 
nibbling its way along the triple helix from the 
in i t ia l  point of cleavage. The fragments 
complementary to the 62 and 67% cleavage points 
have not been found, only the 25% piece that is 
the complement of the 75% fragment. 

Tokoro et al. reported that if the activity of 
tissue collagenase on mammalian collagens is 
studied at 25"C, the action of the enzyme 
produces a pronounced lowering viscosity but a 
minimal change in the optical rotation of the 
collagen - observations that imply that the length 
of the molecule is shortened but that the triple 
helix is not unwound."' At this stage electro- 
phoretic analysis and electron microscopy indicate 
that the 75% and 25% pieces predominate. At 
higher temperatures and after longer periods, the 
62% and 67% fragments become detectable; 
dialyzable peptides appear; and there is a pro- 
gressive loss of optical activity. This further 
activity of the enzyme may indicate attack by the 
collagenase, or by contaminating proteases that are 
unable to attack the collagen molecule prior to 
cleavage or at temperatures where the helix is 
more stable. 

Distinctions between collagenases by their 
mode of attack, as we have seen, must be 
interpreted cautiously until well-purified enzymes 
have been studied or until adequate control 
experiments have been made to exclude other 
proteolytic activities. A similar criticism must 
apply to discrimination based on kinetics, 
inhibitors, or molecular weight;' 8 2  until the 
enzymes have been shown to be free of adsorbed 
tissue constituents (serum protein, for example), 

such discrimination must be tentative. Thus, Eisen 
et al. have noted that human granulocyte and 
human skin collagenase differ in their suscepti- 
bility to serum inhibition, yet possess identical 
major antigenic determinants;' ' a this latter 
criterion is probably the more crucial indicator of 
identity. 

Early experiments by Gross and his collabor- 
ators that led to the detection of the first 
collagenase from tadpole tissue showed that the 
enzyme was not detected in extracts of the cells 
but was found in the fluid above a cell culture.' 7 1  

These experiments were first interpreted to 
indicate that the collagenase was synthesized and 
promptly excreted and that no level of enzyme 
was built up intracellularly. Subsequent studies on 
several tissues have shown that failure to detect 
enzymic activity may arise from two causes: on 
the one hand, the enzyme may be secreted as a 
zymogen for subsequent activation;' 84- '  on the 
other hand, the enzyme may be inactivated by 
tissue or serum proteins that include al-anti- 
trypsin and a, -macroglobulin.' 7 '  7-1 8 9  Th ese 
findings show that under appropriate circum- 
stances the activity of the enzyme may be con- 
trolled by a variety of processes from the time of 
synthesis, through activation, to inactivation. The 
regulation of collagenase activity has been 
discussed recently by Bauer et al. and Eisen et 

The range of activity of tissue collagenase is 
controversial. Robertson and Miller reported that 
rabbit polymorphonuclear leukocyte collagenase 
and human gingival collagenase can digest skin 
collagen but not cartilage collagen.' 9 '  Both 
collagens were in solution, and their activity was 
assayed by viscometry. Unpublished studies in our 
laboratories with rabbit corneal collagenase 
showed that solubilized bovine articular collagen 
and calf or rat skin or tendon collagen were 
cleaved by this enzyme;' in ' addition, the 
enzyme cleaved lamprey skin collagen (at an 
apparently identical position in the molecule, 
judging from the stained bands) (Figure 6). 
Lamprey collagen, like cartilage, contains only a1 
chains (Reference 194 and Cannon, D., 
unpublished data, 1972). These investigations 
compare two collagenases from rabbit tissues 
(leukocyte and cornea). If the differences can be 
confirmed, this evidence would tentatively dis- 
tinguish two collagenases from different tissues of 
the same animal. The human synovial enzyme 

8 3 , I  9 0 
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studied by Harris et al. is capable of digesting both 
tendon and cartilage;’ these preparations 
contain two physically distinguishable enzymes, 
and the range of activity of each must still be 
clarified. The physical differences may relate to 
different states of aggregation of the enzyme with 
itself or with other tissue proteins so the number 
of different enzymes remains uncertain. 

With the elucidation of the primary sequence of 
an a1 chain, and with the correlation of this 
sequence to the stained profile of the SLS crystal- 
lite (e.g., Von der Mark et a1.I9’), it has become 
possible to locate the point of attack of the 
enzyme accurately. Studies in our laboratory 
pinpointed the site of collagenase scission by the 
enzyme from the cultured human cornea to 
between residues 219 and 225 of the al-CB7 
peptide. The only bond in that region that could 
release glycine and isoleucine as the terminal 
residues is the bond adjacent to residues 222 
(Fietzek, P.P., Rexrodt, F., Hopper, K., and Kiihn, 
K., personal communication, 1972) and it there- 
fore is likely that this is the vulnerable bond.’ 9 6  

In the a1 chains the peptide sequence in this 
region is consistently -(Gly-Pro-X)- so there is 
probably no interruption in the triple helix; 
however, until the appropriate sequence in the a 2  
chain has been determined, it will not be possible 
to reaffirm that the triple helix is complete in this 
area. As we have mentioned, the same point of 
cleavage is shown on cartilage and on lamprey skin 
collagen, and both of these collagens contain only 
a1 chains and no a 2  chains. Unfortunately, the 
sequences of the appropriate peptides from these 
collagens have not yet been determined so that 
once again we cannot be assured that the triple 
helix is necessarily intact at this point, but it seems 
probable that the point of cleavage is delimited by 
the specificity of the enzyme rather than the 
deficiencies of the structure of the collagen. 

In many instances the cells that produce the 
collagenase in connective tissues have not been 
identified. Studies by Eisen and Cross showed that 
in the resorbing tadpole tail the cells of the 
epidermis a re  responsible for collagenase 
production, while the hyal ur onidase activity that 
is also necessary for the remodeling of the 
connective tissue is secreted by cells of the 
dermis.’ In human skin the enzyme is secreted 
by cells of the dermis.’ 

It may be noted that the point of cleavage of 
the collagen molecule by collagenase is juxtaposed 

to the space between two successive collagen 
molecules in the staggered array in the native 
fibril. Whether this fact is significant with refer- 
ence to the process of degradation is a matter of 
speculation, but certainly it would be expected 
that the ability of the enzyme to gain access to the 
point of cleavage of each collagen molecule is 
critical. In a tissue so close-packed as a collagen 
fibril, where adjacent molecules may be literally 
touching, the attack by an enzyme might well be 
limited by the accessibility of the site of cleavage. 

The properties of human and animal tissue 
collagenases have been reviewed by Eisen et al. and 
by Seifter and Harper.’ 

HOMEOSTASIS AND THE 
COLLAGEN MOLECULE 

In this survey of the properties of collagen, 
more attention has been paid to indications of 
specificity and reactivity than to physical 
chemistry because the aim of this review is to 
determine mechanisms of homeostasis that act 
upon the collagen molecule. It is clear that many 
of the reactions that collagen undergoes (e.g., 
cleavage of the registrat ion pe ptides, fib r ogenesis, 
the building of cross-links, and collagenase 
scission) are dictated by the precise primary 
sequence. On the other hand, the same primary 
sequence molecule builds connective tissue 
scaffolding with different structural organizations 
(e.g., tendon and dermis). How is such organi- 
zation determined in the tissue? 

All the biosynthetic processes that lead to the 
exocytosis of a native, decorated collagen 
molecule and the collagenase zymogen occur 
intracellularly. What directs the synthesis of the a 
chain or chains appropriate to the tissue from the 
several sequences encoded in the genome? And 
what constrains the activities of the hydroxylating 
and glycosylating enzymes? It is probable that the 
cellular environment, i.e., the surround of cells, 
proteoglycans, and other connective tissue consti- 
tuents, directs the selection of the appropriate 
mRNA th rough  controlling the level of 
metabolites, and possibly of specific messenger 
molecules that reach the cell. Thus, Layman et al. 
have reported that chondrocytes in organ culture 
produce cartilage ( c ~ l ) ~  collagen, whereas in cell 
culture the product is ( c ~ l ) ~ a 2  collagen.2 O 0  More- 
over, it  is a common observation in tissue cultures 
that the preservation of particular cell clones, or 
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the differentiated character of individual cell 
types, depends upon the conditions of culture and 
the constituents of the culture medium (e.g., 
Holtzer et al.’O1). 

I t  is also likely that the pattern of hydroxyla- 
tion and glycosylation on the collagen molecules is 
directed by cellular metabolite levels - either by 
their invoking the biosynthesis of tissue-specific 
hydroxylating or glycosylating enzymes, or by 
their controlling (by allosteric mechanisms) the 
activity of enzymes that arc common to all 
collagen-producing cells. 

It is probable that collagen and collagenase 
synthesis are brought about by hormones or other 
chemical stimuli released in the course of growth 
induction or in response to wounding, for 
example. Many examples of direct hormonal in- 
fluence on the connective tissues are known: the 
activation of the cells in cartilage in response to 
growth hormone; the uterus to estrogens; the 
cockscomb and the sexual skin of monkeys to 
androgens. Recently an effect of prostaglandins El 
and El  a on collagen synthesis was reported.”’ 

The control of fiber formation or degradation 
subsequent to the secretion of collagen or 
collagenase involves the operation of homeostatic 
mechanisms about which we know little, but 
which merit discussion and speculation. Clearly, in 
seeking an explanation for tissue morphology 
through interactions between cells and extra- 
cellular constituents, we are following the observa- 
tions, hypotheses, and experiments of generations 
of developmental biologists, and it is unlikely that 
any models will be truly novel. For broader 
discussions and wider references, the reader is 
referred to articles by Weiss, Hay, and Revel, and 
Fitton-Jackson.203-’os However, the task of 
understanding cellular control over extra- 
cellular structures might be somewhat 
simpler than understanding cell-to-cell interaction. 
Moreover, our expanding understanding of 
molecular biology makes it a challenge to 
speculate on mechanisms that might apply to the 
special array of macromolecules in connective 
tissue. 

To take some specific examples, bone growth at 
the epiphysis demands cartilage collagen resorp- 
tion and bone deposition; and these processes 
involve the activities of chondrocytes, osteoclasts, 
and osteoblasts. Degradation of collagen in the 
resorbing tadpole tail calls for collagenase from the 

ep i the l ium a n d  hyaluronidase from the 
mesenchyme. In each case the cells secrete pro- 
teins - and probably other products - into the 
connective tissue, the matrix of which was 
synthesized by these or other cells. Subsequent 
events depend upon diffusion and the built-in 
reactivities of the proteins as they can be ex- 
pressed in the presence of the proteoglycans and 
other matrix constituents. 

What steps and control mechanisms appear 
necessary to direct the synthesis and degradation 
of an extracellular collagen fibril? To take the last 
topic first, it seems that appropriate cells respond 
to chemical stimuli to secrete a collagenase 
zymogen into the connective tissue. Examples of 
hormonal control include the resorption of the 
tadpole tail following thyroxine injection and the 
block of rat post partum uterine resorption 
following progesterone administration.’ O 6  The 
collagenase zymogen is probably synthesized as 
required and not stored in the cells, because its 
appearance is blocked by puromycin. 

The distribution of the secreted zymogen is 
apparently effected by diffusion, but its proteo- 
lytic activation is probably controlled locally, 
possibly by a site-specific tissue interaction that 
may involve a chain of processes akin to  fibrinogen 
activation. Activation may invoke a specific inter- 
action with a particular class of fibrils to bring 
about their breakdown selectively. Such a 
mechanism would appear to be necessary in view 
of the broad activity of some collagenases. It 
might have been anticipated that the remodeling 
that accompanies the conversion of cartilage to 
bone at the epiphysis, for example, would be 
facilitated by an enzyme that discriminated 
between bone and cartilage collagen. The demon- 
strated pluripotency of some enzymes (Figure 6 )  
appears to demand either a selective and local 
activation, as discussed above, or else a highly 
constrained activity. Possibly the tissue digestion 
occurring in the course of replacing cartilage by 
bone is brought about only in the immediate 
proximity of the osteoclast, and the diffusion of 
the enzyme activity is contained by the i h b i t o r y  
action of a1 -antitrypsin or a2-macroglobulins 
among the serum proteins in the tissues. Fiber 
degradation probably does not require the 
digestion of the constituent macromolecules to 
small peptides since macrophages are capable of 
engulfing large chain fragments and presumably 
aid catabolism in many circumstances. 
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The feedback mechanisms that maintain 
collagenase synthesis until the appropriate sub- 
strate is destroyed are unknown, but it is feasible 
that the degraded chain fragments act as inducers 
to the secreting cells. These speculations on 
collagen catabolism are no more than extra- 
polations of well-studied enzymic mechanisms to  
the extracellular situation, although there is no 
explanation, at present, for the strikingly limited 
attack on the collagen molecule by collagenase. 

In speculating on the mechanisms of fibrillo- 
genesis, we must account for the fact that disposi- 
tions, density, and diameters of collagen fibrils are 
different in various tissues. How can the fibril 
morphology and organization be directed at a 
distance from the cell? The mechanisms that come 
immediately to mind involve either a specific 
collagen-to-collagen or collagen-to-ground sub- 
stance interaction. In this context it seems 
probable that the reactivity of the collagen 
molecules dispersed in the arrays of pro teoglycans 
and other constituents in the extracellular matrix 
will vary if the levels of hydroxylation and 
glycosylation are changed. It seems plausible, 
therefore, that the tissue specificity of collagen 
hydroxylation and glycosylation discussed earlier 
is purposive and not accidental. 

The possibility that the pattern of substitution 
on the collagen molecule has high significance 
raises the question of the control of collagen 
exocytosis, which clearly is tied to hydroxylation 
and possibly glycosylation. The earlier discussion 
could not resolve which process, proline and lysine 
modification or chain folding, is the final key to 
open the collagen-filed vesicle to the extracellular 
medium. It does not appear likely that the cell has 
a screening mechanism (like that effecting DNA 
repair) to destroy inappropriately modified chains; 
protocollagen ’is retained, not catabolized. It seems 
more likely that one final step, possibly helix 
formation, is coupled to the completion of the 
modification program, and normal exocytosis 
follows only after the final step. Such a 
mechanism - based, for example, on the activity 
of lysyl hydroxylase, the proline hydroxylases or 
the glycosyl transferases - might involve the 
physical movement of the enzyme along the 
chains, the enzyme’s presence prohibiting folding 
until its action is complete. 

From this viewpoint we may ask how specific 
and significant is the pattern of modifying substi- 
tuents along the chain? How much of the micro- 

heterogeneity is random, or what error is 
tolerable? Unless the battery of enzymes involved 
is cell- or tissue-specific (like the methylating 
enzymes that modify bacterial DNA), the different 
levels of substitution imposed by cells in different 
tissues presumably reflect allosteric interactions of 
metabolites with the enzymes or the collagen 
chains. How stringent is this control? The error 
rates in DNA replication and protein synthesis 
appear to be about but these are template- 
directed processes. We may expect in the level of 
hydroxylation of any one proline or lysine residue 
variations significantly greater than to result 
solely from imperfections in the hydroxylating 
system: nevertheless, the analytical data from any 
one tissue collagen show a high consistency, while 
the same analyses (summarized below) clearly 
differentiate the hydroxylation level in collagens 
from different tissues. That such differences exist 
between tissues shows that hydroxylation is not 
random; but such differences do  not demonstrate 
that the decoration is purposive. We must examine 
the molecules in greater detail. 

Gribble et al. showed that in rapidly proliferat- 
ing fibroblasts in vitro, the collagen that is made 
first is hydroxylated to a low extent.2o7 A trivial 
explanation in this situation where biosynthesis is 
proceeding very rapidly would be that there 
simply is not time for the newly synthesized 
molecule to become fully hydroxylated before it is 
excreted, or perhaps that there is an inadequately 
stocked commissary to meet the demands of the 
cell. Similar investigations by Bates et al. com- 
pared the hydroxylation of proline in collagen 
synthesized in vitro by 3T6 fibroblasts in logarith- 
mic and stationary culture with and without 
ascorbate.2 O 8  The level of hydroxylation varied 
with growth and ascorbate concentrations, leading 
to the conclusion that the hydroxylation process is 
responsive to various extracellular influences. 
Furthermore, whle the hydroxylation level of 
proline may vary considerably before a block on 
secretion is invoked, the procollagen molecules 
differentiated by various extents of hydroxylation 
are subjected to cleavage at different rates by 
procollagen pep t ida~e .~  Similar studies on the 
effects of growth rate and ascorbate on hydroxyla- 
tion have been reported by Peterkofsky.’ These 
experiments clearly do  not rule out the likelihood 
that the hydroxylation pattern is a significant 
determinant of the extracellular career of the 
collagen molecule, but they raise questions about 
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the mechanisms that dictate the pattern and 
control exocytosis. 

Evidence for the precise allocation of hydroxyl 
groups comes from many studies. The work of 
Bornstein, quoted earlier, demonstrated consistent 
differences between rat skin and tendon in a 
region of the a1 chain ( U ~ - C B ~ ) , ~ ’  yet the amino 
acid sequence of these peptides from the two 
tissues appears to be the same. Butler has 
commented on specific differences between the 
levels of hydroxylysine in specific peptides from 
rat skin and dentine collagen.’ ’ ’ Similarly, Miller 
et al.”’ have shown that the lysyl residue in 
chick bone al-CBl peptide is 50% hydroxylated, 
whereas Kang et al.’ ’ found no hydroxylysine in 
the same peptide in chick skin. The obvious 
example of a precisely limited hydroxylation step 
is the action of the enzyme that hydroxylates the 
single 3-hydroxyproline residue detected in calf 
skin and other a1 chains (e.g., Rauterberg and 
Kuhn’ ’ 4) .  In contrast, basement membrane 
collagens contain far more 3-hydroxyproline - but 
the location of these residues is not known.g0 
Barnes and his co-workers pointed out specific 
complements of hydroxylysine in N-terminal 
telopeptides from various chick and rat tis- 
sues;’ 9’ ’ they also observed that the levels of 
hydroxylation differed between very young and 
maturing skin. 

The levels of hydroxylysine in the telopeptides 
have obvious functional significance. Several 
workers have noted that the hard tissues, bone and 
dentine, are rich in the cross-link dehydro- 
dihydroxylysinonorleucine. Levene et al. related 
the increased solubility of collagen synthesized in 
vitro under ascorbate insufficiency to the lowered 
content of this cross-link and an increase in 
dehydro-lysinonorleucine (presumably a weaker 
bond).’ ’ 

The stronger bond requires the hydroxylation 
of telopeptide as well as appropriately sited main 
chain lysines, so we are led to conclude that the 
level of hydroxylation of an excreted molecule is a 
major factor in determining its cross-linking 
characteristics. Clearly, also, glycosylation of an 
otherwise available hydroxylysine residue will 
interfere with cross-linking. We also may deduce 
that certain of the properties of the hard tissues, 
for example, are determined by the pattern of 
cross-linking. Thus Katz and Li have reported a 
pronounced difference between the lateral packing 
of soft compared to hard tissue the 

close packing of the molecules in the soft tissue 
fibrils precludes the penetration of phosphate ions. 
While these conclusions are controversial, the 
argument illustrates the point that cross-linking, 
and possibly glycosylation, may determine or limit 
fibrillar function or interaction with other tissue 
constituents. 

It may be noted parenthetically that while it is 
suggested than any particular cross-link is reported 
to be more stable than other Schiff bases, this 
stability is measured with respect to dilute acid 
hydrolysis, which is not a measure of bond 
strength in vivo. Indeed, we have no way of 
determining the bond strength or efficacy of any 
cross-links in vivo, whether these bonds are simple 
or complex aldehyde adducts, native or after in 
vivo reduction. Most assessments and age 
comparisons of bond character have measured 
solubility, a reflection only of bond hydrolysis 
under nonphysiologic conditions of pH and ionic 
strength. Direct measurements of tensile strength 
on tissues such as tendons in the native or heat 
shrunk state reflect not only changes in the 
cross-link population, but also changes in hydra- 
tion, crystallinity, and in the ground substance. 

To return to the main argument, we may 
conclude from the consistency of the hydroxy- 
lation pattern in different tissues that hydroxy- 
lation is a significant and controlled process. The 
same conclusion pertains to glycosylation. Spiro, 
Schofield, et al., Pinnell et al., and Morgan et al. 
have shown that the levels of glycosylation in 
collagens from various tissues or from fractions 
from one tissue may be readily discriminated.6 83 
69 ,’ 8 a 7 Z  Again, the consistency of these 

differences that permits their analysis is evidence 
that these modifications are not haphazard. 

The heterogeneity of modification demon- 
strable in collagen extracted from a single tissue 
(shown directly by Spiro6 on successive soluble 
fractions, or implied by finding less than 100% 
hydroxylation on certain proline residues in the 
sequence studies) probably is the explanation for 
the chromatograpiuc heterogeneity detected in 
soluble collagen by Kawasaki and Bernardi and 
Trelstad et  al? ’ O Y 2 ’  U ndoubtedly, tissues such as 
the dermis contain populations of fibrils that are 
morphologically as distinguishable as populations 
in different tissues. Possibly different populations 
of fibers contain molecules with different levels of 
hydroxylation and glycosylation. On the other 
hand, these different molecules might come from 
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single fibrils, and the different pattern of 
substitution might reflect a meaningful change in 
the reactivity of the molecules along or through 
the fibril. 

In summary, this discussion has provided 
sufficient evidence that the post-synthetic changes 
on the collagen molecule are controlled and 
determined, that we may look for a purposive 
explanation of their presence. We already have 
discussed how decoration of the molecule can 
change its packing and cross-linking character; it 
also is possible that differences in the surface 
could lower the tendency of a collagen molecule 
to aggregate laterally and instead promote head- 
to-tail overlapping polymerization. In addition, it 
is probable that changes in the distribution of 
hydroxyl groups along the surface affect the 
balance of the collagen-to-collagen and collagen- 
to-matrix interactions. AS a result, we may 
anticipate that, in an appropriate matrix, changes 
in collagen decoration might be the basis for the 
discrimination of those molecules destined to 
accrete to an existing fibril and those nucleating 
new fibrils in the course of fibrillogenesis. 

A particularly challenging problem to consider 
is the establishment of the chick primary corneal 
stroma by the cells of the corneal epithelium. In 
the embryonic chick eye, the epithelial layer 
secretes successive layers of parallel fibers of 
uniform diameterto4 each layer is orthogonally 
arranged;2z ’ and the relative orientations of the 
successive layers are defined with such precision 
that it is possible to detect a superimposed 
rotation upon the orthogonal arrangement.’ ’ 
The transparency of the cornea depends upon the 
fiber size and ~niformity.’’~ In many tissues it is 
not known how far from the secreting cell 
fibrillogenesis occurs, but in this instance the 
organization of the fibrils takes place beyond the 
basement membrane, at least 20 to 30 nm from 
the epithelium. How is order imposed on the 
assembly of macromolecules diffusing across this 
distance? The problem may be separated into 
control of fibril size and control of orientation. 

Presumably the building of successive orthogon- 
al lamellae demands some interruption in the 
process of collagen synthesis, and a plausible 
working hypothesis would be that the punctuation 
is effected by a change in the level of hydroxyla- 
tion and glycosylation, and possibly a brief 
cessation in biosynthesis. Such a change in the 
surfaces of the molecules might stop them from 

accreting to the fibrils in the nearest layer and 
instead initiate the synthesis of a new layer. If, 
through this period, the secretion of proteoglycans 
displaced the completed fibril layer further away 
from the cell surface, then a later shift in the 
secretion product back to the conventional 
collagen molecules would promote accretion and 
allow the new fibrils to be built up, while the 
greater diffusion distance would limit further 
growth of the fibrils in the preceding layer. 

While largely speculative, this idea is suggested 
by the following observations: a) reticulin fibers, 
which appear to be built from heavily glycosylated 
collagen molecules, are thought to be precursors of 
fibrils; b) electron microscopy has shown that 
collagen fibrils have a narrow core that stains with 
ruthenium red,’ a reagent selective for 
glycoproteins.’ ’ This observation may indicate 
that heavily glycosylated collagen, or collagen and 
an associated glycoprotein component, initiate 
fibril formation; and, c) the fibrils of basement 
membrane collagen that is heavily glycosylated 
remain very thin and never grow to demonstrate 
the normal collagen banding pattern.248 

Some relationship of glycosylation to the 
packing, and possibly to  fibrogenesis, of the 
collagen molecules may also be inferred from the 
fact that the sole carbohydrate constituent in rat 
skin collagen a1 chains (in cyanogen bromide 
peptide al-CB4) is positioned precisely at the 
terminus of an adjacent molecule in the quarter- 
staggered array and in the gap between that 
molecule and the succeeding one.’ 6 a  In view of 
the bulk of the carbohydrate residues, it is likely 
that a more extensive glycosylation would limit 
the lateral association of the molecules. 

Other explanations should be considered to 
explain the control of fibril dimension. For 
example, the sclera, the tissue adjacent to the 
cornea, in marked contrast to the comea itself, 
contains fibers of widely varying diameter. The 
mechanism of the control of growth of structures 
poses a problem in many fields: in the assembly of 
a bacteriophage tail from protein subunits, what 
limits its length if there is no internal template? 
One might discuss sensitive parameters reflecting 
solvation and surface to volume ratio, but at this 
stage our ignorance is so great that the discussion 
would probably be unrewarding. 

The second part of the problem of the organiza- 
tion of the corneal stroma is even more chal- 
lenging. What determines the course of a fibril? In 
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less ordered connective tissues, it is possible that a 
fiber is delineated by the migration of the secret- 
ing fibroblast, but this process cannot occur in the 
primary stroma of the cornea. The relative 
rotation of successive lamellae could imply some 
spatially directed interaction with the preceding 
lamella. This influence would presumably be 
relayed through the ground substance since the 
collagen fibrils are not apposed. A directive role in 
morphogenesis for the proteoglycans has been 
discussed.’ ’ There is also evidence for collagen 
interaction with glycoproteins and phospho- 
proteins.’ ’ y 2  ’* Such interactions might involve 
ionic (e.g., Langham et a1.’28a) or covalent bonds; 
but the explanation of if and how an orienting 
field could be established in the ground substance 
through such associations must await further 
investigation. Some directive influence of ground 
substance on fibril morphology may be inferred 
from the fact that in certain disease states 
affecting the polysaccharides and lipids, there are 
also changes in the coarseness of collagen fibrils. 
Weiss has discussed other mechanisms for the 
establishment of orthogonal collagen lamellae.’ 

It must also be considered that the cell may 
directly influence fibril orientation. Trelstad has 
pointed out that elongated vesicles (which are 
postulated to carry the collagen to the cell surface) 
are oriented in parallel within the epithelial cell.” 
It would require some further mechanism to 
maintain this orientation beyond the basement 
membrane. 

In summary, if the foregoing deductions are 
relevant and justified, we may conclude that the 
heterogeneity of the collagen molecules extracted 
from any one tissue does not reflect the vagaries of 
a hit-or-miss hydroxylation system that employs 
several enzymes, some of which may not have time 
to reach the molecule; instead, the heterogeneity 
might reflect homeostatic control over collagen 
reactivity to bring about the building of fibrils 
with a required size and reactivity. 

These speculations suggest that the population 
of distinguishable molecules in a tissue should vary 
with different phases of growth and organization. 
Toole et al .  recently reported experiments 
characterizing collagen changes in endochondral 
bone formation: they noted a change in 
hydroxylysine content and discussed possible 
functions relating to control of calcification.’ 

Our discussion has centered upon outgoing 
instructions from the cell embodied in the ex- 

ported molecule. Homeostasis demands a feedback 
response from the connective tissue to  the cells. 
The molecules that are involved in this reaction are 
not known, but a possible candidate is part of the 
excised registration peptide. 

It is likely that some of the changes occurring 
in connective tissue are not cell directed. The 
process of calcification of the hard tissues is 
probably an automatic response of chemically 
specialized fibrils to a critically balanced ion level 
in the fluids. The tendency of many tissues to 
calcify with age may reflect a change in ion level, 
fibril characteristics, or the composition of the 
ground substance. The slow changes in cross- 
linking that occur over months (in contrast to the 
initial cross-links that are apparent within hours of 
collagen synthesis) probably reflect more a change 
in bond character and solvent lability than an 
increase in number. These changes probably follow 
from spontaneous physical (e.g., dehydration, 
crystallization) and chemical reactions (some 
possibly radiation induced) and may not be 
enzyme mediated or cell directed.’ ’ 
Turnover 

Homeostasis in the prokaryote appears to 
depend upon a process of continuous protein 
anabolism and catabolism, and the proteins that 
replace those that are catabolized are induced (or 
not repressed) to refit the cell for the structural 
and enzymic activities that are necessitated by the 
environment. In the differentiated organism, 
relatively few of the complement of cells must 
respond directly to the requirements of the 
environment, but many cellular populations will 
respond to endogenous requirements through 
hormonal or other intercellular messages. In con- 
trast to the prokaryote, the eukaryotic cell and the 
extracellular compartments contain proteins with 
lifetimes ranging from minutes to months. A 
question particularly pertinent to our interest is 
What is the purpose and significance of turnover 
among extracellular proteins when remodeling 
does not appear to take place? The very long 
survival time of collagen highlights the question 
whether or not the degradation of proteins is a 
selective one to eliminate “old” proteins, and if it 
is, then by what criteria the old proteins are 
recognized by the degradative machinery. Kohn 
has discussed the point that proteins may become 
denatured with time and therefore are likely 
substrates for the catheptic activity that pre- 
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sumably is designed to destroy ineffective 
proteins.230 However, the known long lifetimes of 
many proteins in vivo suggest that the instability 
of the proteins in solution may be an artifact of 
the in vitro conditions; and, indeed, the only likely 
cause for a time-dependent decrement in enzyme 
activity, or in other reactivity, might be expected 
to result from the slow, spontaneous elimination 
of amide groups from asparagine and glutamine. 
However, in experiments measuring turnover in 
collagen, it frequently is found that there is greater 
catabolism of more recently synthesized collagen 
than of old. It has been suggested that older fibrils 
might be more resistant to collagenase because 
they are more efficiently cross-linked; but in such 
tissues is turnover really concerned with the 
disposal of outworn molecules? It seems more 
likely that turnover in most connective tissues 
(excluding t h e  situations of wounds or 
remodeling) reflects reorganization and consolida- 
tion among the categories of fibrils, changes that 
are reflected in the age-related coarsening of 
collagen fibrils. Fitton-Jackson has illustrated 
growth of tendon fibrils and a concomitant change 
in ratio between interstitial and fibril compon- 
e n t ~ . ~ ~ ~  It may be concluded that the individual 
collagen molecule once incorporated into a fibril is 
never discarded, and it will be destroyed only if 
the fiber itself becomes redundant. The lifetimes 
of the polysaccharide moieties of the proteo- 
glycans (and therefore, presumably, the whole 
proteoglycan molecule) are shorter than that of 
collagen. 

The Phylogenetic Stability of Collagen 
In the discussion of the process of fibrillo- 

genesis, it was proposed that the precise pattern of 
decoration of proline and lysine residues in the 
collagen molecule is highly significant. I t  appears 
likely that the demand for a stringent control on 
the action of intra- and extracellular modifying 
enzymes on collagen will preclude any deviation in 
primary sequence of the collagen chain, at least 
over operationally important regions. From this 
viewpoint the remarkable phylogenetic stability of 
collagen over the greater part of its length may 
imply that the molecule serves other critical 
functions of which we are not presently aware. 

Several groups have remarked that phospho- 
tungstic acid and uranyl-stained SLS segments of 
collagens from animals of many phyla are almost 
indistinguishable4 92 ’ ,” These observations 

have covered a range from sea anemones through 
birds and fish to man. Chemical studies suggested 
that the positive staining (i.e., the stain retained by 
the specimen after washing with water) indicates 
the locus of lysine and arginine residues that bind 
the phosphotungstate stain, or of acidic residues 
that bind the uranyl ion. Therefore, the consis- 
tency of the staining diagram through these phyla 
indicates the preservation of the distribution of 
the charged residues along the collagen molecules. 

The recent sequencing studies on the collagen 
a1 chain permit a comparison of the distribution 
of the charged residues along the chain with the 
PTA staining pattern. In an unpublished study we 
have mapped colinearly the distribution of 
residues with the reference band pattern published 
by Bruns and Gross.’’* A remarkably good 
correlation is observed. The a2 chain has not yet 
been sequenced, but since triple helices built from 
three a2 chains or three a1 chains annealed 
together give SLS segments that stain almost 
identically, it is probable that the charged residues 
occupy the same relative positions in both 
 chain^.'^ On this assumption it appears that 
certain bands reveal the position of only one or 
two close charged residues per a chain, i.e., 3 to 6 
residues in register across the triple helix of each 
molecule. Therefore, the near identity of an 
enormous range of collagen molecules - inverte- 
brates to man - implies a high resistance to 
mutational drift. 

More detailed sequence work on peptides from 
a1 and a2 chains has shown that very few amino 
acid substitutions have occurred even among the 
nonpolar residue{ between chick, rat, calf, and 
human collagen (see References 9 and 23) .  Clark 
and Bornstein have noted a homology between 
chick and guinea pig skin collagen sequences, 
although the methonine groups in the latter 
molecule are not in homologous positions and the 
cyanogen bromide peptides, therefore, are not 
directly ~ o r n p a r a b l e . ~ ~ ’  Piez et al. studied the 
internal similarity between a1 and a2 chains of rat 
skin collagen by a computer search program.2 ’ 
Striking evidence of a homology in position and 
sequence was found. This finding, together with 
the similarity in SLS staining, suggests strongly 
that the two chains arose by gene duplication and 
have diverged only slightly in composition since 
that time. 

Several laboratories have noted that lamprey 
skin collagen comprises ( ~ 1 ) ~  type (eg., Bailey’ 9 4  
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and Cannon, D., unpublished data, 1972), whereas 
the shark has ( ( ~ 1 ) ~ a 2 )  structure.’ 3 5  This obser- 
vation suggests that gene duplication arose during 
approximately the evolutionary period of the 
elasmobranch fish. 

The a1 (11) chain that comprises chick cartilage 
collagen yields a pattern of cyanogen bromide 
peptides different from the al(1) chain? ?’ 

however, the work quoted above by Clark and 
Bornstein has shown that a novel distribution of 
methionine residues in a chain may conceal a 
significant homology, and Miller et al. have shown 
some consistent methionine locations.’ ,2 The 
resemblance between cartilage and skin collagens is 
also shown by the similar (but distinguishable) 
SLS staining pattern.’ 3 6  J 

This similarity between skin and cartilage 
collagen suggests that here, too, gene duplication 
and limited divergence have produced a similar but 
distinguishable collagen molecule. It is not known 
how many representations of the collagen a chains 
are present in the mammalian genome, but as we 
have discussed, there are at least four. 

Further evidence for the limited divergence in 
the composition of collagen chains in any one 
species and between species is provided by studies 
on collagenase susceptibility. The precise structure 
that enables the enzyme to cleave the molecule is 
not yet recognized, but it appears to be well 
preserved. We have observed that the point of 
cleavage effected by corneal collagenase is 
identical in lamprey skin collagen, human tissues, 
rat and calf skin and tendon collagen, and the calf 
articular cartilage collagen. Therefore, the compo- 
sition of the corresponding regions of the main 
chains has not changed enough to eliminate the 
definition of this cleavage point. 

Immunologic studies on the tissue collagenases 
by Bauer et al. have shown that baboon 
collagenase shows considerable cross-reaction with 
antiserum to human enzyme but that other 
mammalian species cross-react far less.’ The 
factors resisting genetic drift in the collagenase 
molecule are clearly less effective than those that 
preserve the structure of collagen. The only sites 
of species specificity detected immunologically on 
the collagen molecule are the telopeptides. 

DISEASES AND DISORDERS OF 
CONNECTIVE TISSUE 

This discussion of homeostasis in connective 

tissue has been focused on collagen because our 
knowledge of the structure and turnover of the 
various proteoglycans and other components is too 
meager to justify much speculation. If we can 
define, however, even in a broad manner, the way 
that homeostatic processes build distinguishable 
connective tissues from a limited number of 
components subjected to extracellular enzyme 
modification and organization, then we may 
expect to achieve an improved understanding of 
some of the many toxic, disease, and heredity 
conditions that are manifest in connective tissue 
defects. The findings discussed in this article have 
shown that in a wide variety of connective tissues, 
in essentially every organ of the body, the same 
components are ordered in locally specific 
organizations to serve local tissue requirements. It 
is to be expected, therefore, that any disorder of 
the connective tissues will be a widely manifest 
disorder and that it may have its origin at any one 
of several levels. For example, a genetic distur- 
bance to collagen function could reflect: a) a 
mutation in the primary sequence of one of the 
collagen chains; b) a mutation in one of the 
modifying enzymes or a change in the cellular 
concentration of one of the enzyme cofactors; or 
c) a change in the enzymes or extracellular tissue 
components that may respond to the special 
structures of the collagen molecule. Obviously, 
therefore, the identification of a particular lesion 
may require careful examination of the connective 
tissue components. 

A genetic lesion in factors controlling synthesis 
or reactivity of ground substance components 
might show as widespread morphological and 
functional effects as factors affecting collagen. A 
study of such disorders would aid in understanding 
the inductive interaction between the fibrillar 
constituents and ground substance of connective 
tissues. Matalon et al. have reported recently that 
the basic defect in Hurler’s syndrome is a 
deficiency in i d u r o n i d a ~ e . ’ ~ ~  Such a defect would 
satisfactorily explain the etiology of several of the 
diseases of connective tissues. Investigations of 
such conditions hold great promise for an under- 
standing of normal connective tissue function. 
This approach is discussed by Waldenstrom and 
others.23 

A simple explanation has been arrived at for the 
condi t ion  known as lathyrism. Classically, 
lathyrism developed in an animal fed or treated 
with P-aminopropionitrile or its derivatives. In this 
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condition the animals showed distorted bones, and 
weakened skin and blood vessels. A similar 
syndrome is brought about by injections with 
penicillamine or by maintaining the animals on a 
copper-deficient diet. All of these observations, it 
now appears, can be explained by the fact that the 
enzyme lysyl oxidase is a copper-containing 
enzyme that is irreversibly inhibited by 0- 
aminopropionitrile.’ 9 1 2 4  The weakness of the 
collagen-containing tissues in such treated animals 
is good evidence that the strength of a collagen 
fibril depends far more upon intermolecular cross- 
links than upon the electrostatic and solvation 
forces that drive the molecule into the quarter- 
staggered array in the fibril. 

Puleo and Sobel observed fluorescent changes 
in vivo in the skin of mice in hyperbaric oxygen, 
and they correlated these changes with cross- 
linking changes in collagen held under high oxygen 
pressures in vitro.’ 6 9  They speculate that aseptic 
neurosis on bone observed among diving personnel 
might relate to tissue responses brought about by 
oxidative changes in connective tissue, possibly 
involving cross-linking. 

Great interest was aroused very recently by the 
discovery and description of a disease clinically 
similar to the Ehlers-Danlos syndrome, as was 
mentioned previously. In this condition, which has 
been referred to as a hydroxylysine-deficient 
disease, hyperextensible skin and scoliosis were 
seen.241 In this case reduotion of the collagenous 
tissues with borohydride and analysis for cross- 
linking compounds demonstrated an excess of 
allysine adducts and a large deficiency of 
hydroxyallysine adducts in skin and tendon, but a 
far smaller deficit in bone and cartilage.24 l a  

Further examination showed that skin was low in 
lysine hydroxylase a~t iv i ty . ’~  In this instance it is 
not so easy to pinpoint the primary defect. 
Clearly, the enzyme lysyl hydroxylase is present in 
the tissues, but in skin it is acitve at only 10 to 
20% of the normal level. Its diminished activity 
reflects one of the following: a breakdown in the 
homeostatic controls that call forth the bio- 
synthesis of the enzyme; a mutation in the enzyme 
so that it hydroxylates some collagens but not 
others; or an unusually rapid rate of catabolism of 
the enzyme itself in the defective tissues, in what 
could be a manifestation of another aberrant 
control mechanism. 

Mechanic recently used the approach outlined 
in the study of the “hydroxylysine-deficient 

disease” to  screen a number of other Elders-Danlos 
syndrome patients.242 One of these showed a 
deficiency in hydroxylysine. Studies such as these 
may enable the primary or secondary defects 
leading to  disease to be more rapidly pinpointed 
and the diseases to be more meaningfully 
categorized. 

Turning again to the report that the primary 
defect in Hurler’s syndrome is the lack of 
iduronidase activity, we are left with an un- 
answered question: whether the enzyme is present 
but inactive (or of low activity), or whether it is 
not synthesized by the cell either because there is 
a defect in the gene coding for the enzyme, or 
because the controlling mechanism calling forth its 
synthesis is inoperative. 

Eisen has reported an unusually high level of 
collagenase in skin of individuals suffering from 
dystrophic epidermolysis bu l10sa .~~ The basic 
genetic defect - whether lack or inactivity of 
inhibitors; abnormal enzyme; or ineffective 
repressor, for example - that causes the elevated 
enzyme levels has not been identified. Enhanced 
collagenase levels in several tissues suffering de- 
generative changes are known: middle ear,244 
u lcera t ing  co rnea , ’  7 6 ~ 1 9 2  and rheumatic 
joints.’ ’ Although the pathological processes 
correspond well in most cases to the collagenase 
level, the cause for the elevated collagenolytic 
activity has not yet been determined. 

One feature shared by a variety of “collagen 
diseases” is an increase in salt-soluble collagen in 
the  tissue^.'^ ’ This observation presumably 
indicates either a general interference in the 
process of cross-linking or an increased rate of 
biosynthesis. An increased biosynthetic rate would 
also entail more rapid catabolism. If there is a 
pattern of increased turnover in pathological 
tissues, we may conclude that homeostasis is 
disturbed in addition to whatever prime defect is 
present.24 

The explanation for pathological states involv- 
ing abnormal calcification may not yet be within 
the reach of our understanding. From the manner 
in which calcium can be deposited and dissolved 
from bones under hormonal influences, it is 
apparent that the equilibrium governing the de- 
position of calcium apatite from soluble calcium 
salts in the tissue fluids is a complex one. It 
appears that in general the calcifying tissues such 
as bone and dentine are marked out for that 
function from the time of synthesis, but some 
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other tissues can and do normally become calcified 
with time; such a tissue is the cartilage of the 
aorta. What changes are responsible for the further 
appearance of calcium in disseminated tissues in a 
variety of pathological conditions is not known. 

Two veterinary diseases have been described 
recently that appear to correspond to interrup- 
tions in the process of cleaving the registration 
peptide. The first example of t h s  situation was 
noted among Belgian cattle, and the condition was 
termed de rma tospa rax i~ .~~  The collagen fibrils in 
the tissues of the affected animal were thin and 
wavy although normally banded. The skin was 
weak. The abnormality relates to the extra amino- 
terminal appendage that can be seen in the 
molecule in SLS cry~tall i tes.~ Whether this 
situation corresponds to the loss of the pro- 
collagen peptidase that should have cleaved these 
peptides from the molecule, or whether this is 
evidence for mutation within the peptide that 
diminishes susceptibility to the protease, is not 
clear. The fibrils themselves apparently are 
weakened in the dermatosparaxic animals, and this 
fact is possible evidence for the inhibition of lysyl 
oxidase activity by these peptides. Very recently a 
similar condition was reported among sheep in 
Norway. 

The views and postulates expressed in this 
article are of value only insofar as they generate 
new ideas or experiments to test them. Thus, the 
speculation relating control of fibrillogenesis to 
hydroxylation and glycosylation suggests that the 
defects in scurvy relate not only to the slowing of 
collagen excretion (because hydroxylation is 
retarded), but also to abnormal extracellular con- 
sequences for the secreted molecules. The tissues 
affected by scurvy are presumably those active in 
collagen anabolism, particularly in wounds. Most 
tissues in which the fibrils are long-lived appear 
little changed by ascorbate depletion. On the other 
hand, collagen secretion is also slowed in 

starvation, but without the attendant disorders of 
connective tissue. The recognition of the 
implications of extracellular homeostasis means 
that the origins of genetic defects must be 
c o n s i d e r e d  carefu l ly  a n d  fu l ly .  The  
“hydroxylysine-deficient collagen disease” is in 
fact a disease of local hydroxylysine deficiency. 
The enzyme appears to be appropriately effective 
in cartilage so the inherent error is not as simple as 
a missing enzyme. 

The diversity of the diseases of connective 
tissue, and the shading of their symptoms from 
one condition to another, reflect the fact that in a 
homeostatic system of high complexity a break- 
down in one component can cause changes in 
many; in an elucidation of the cause and character 
of the disease, the fact that the connective tissues 
are normally in homeostasis (albeit showing a drift 
with aging) is a factor that cannot be neglected. 
An understanding of the homeostatic mechanisms 
might come through the use of selective chemical 
agents to interfere with biosynthesis (e.g., 
Coulombre and Coulombre’ 6 ) ,  but these investi- 
gations might be importantly supplemented by 
the study of mutant organisms. Such studies on 
clinical hereditary diseases or veterinary diseases 
might permit the discrimination of  steps in 
extracellular homeostasis with a precision that 
chemical interference cannot offer.24 ’ 
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