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SE LF-ASSEMBLY OF COLLAGEN 
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The structure and self-assembly of collagen and procollagen molecules are reviewed. 
The registration peptides of procollagen have specific recognition properties which 
assure 1)  selection of component polypeptide chains and 2) registration of their N- 
termini, facilitating orderly folding into a collagen helix. The stability of this helix 
relative t o  body temperature is critically altered by post-ribosomal hydroxylation of 
proline residues. The registration peptides of procollagen may have additional 
functions such as preventing intracellular fiber formation. 

Collagen fibers are composed of collagen molecules (which have also been called 
tropocollagen molecules). Under appropriate conditions collagen molecules will self- 
assemble into fibers, and conversely fibers can be dissolved t o  collagen molecules. Fiber 
formation is an endothermic process and is accompanied by  loss of  solvated water (1 -4). 
K. A. Piez’s contribution t o  this issue deals in detail with the mutual arrangement of 
collagen molecules within a fiber. The following properties of collagen molecules are 
given as a brief background. 

Collagen molecules are highly elongated cylinders: about 3000 a long but only 
about 17 a in diameter, with a mass of about 300,000 daltons. They consist o f  three 
polypeptide chains, each of  about 100,000 daltons, which extend throughout the length 
of the molecule. Each o f  these chains is called an alpha chain and is folded in the special 
configuration of a collagen helix. The three helices of  the three chains are closely fitted 
together in a superhelix, and the three chains mutually stabilize the configuration, partly 
by H bonds between the chains. 

The amino acid composition of  the collagen alpha chains varies with species and 
tissues. In the collagen of cartilage all three alpha chains of one molecule are identical 
[called otl (type II)] and the molecule is denoted [a1 (type II)] 3 .  The commonly in- 
vestigated collagens of vertebrate bone and skin are of the form (ot2), ] . Here two 
otl (type I) chains are combined in each molecule with a slightly different chain called ot2, 
and a problem of  self-assembly is how these closely related chains are selected in the 2: 1 
ratio for each molecule. In both type I and type I1 collagens the amino termini of each of 
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a set of  three chains are together at one end of the collagen molecule. The arrangement of  
collagen molecules within a fiber is also unidirectional with respect t o  the amino-carboxyl 
direction of  the polypeptide chains. 

The folding and mutually close arrangement of three collagen chain helices in each 
molecule only leave room for glycine, with its negligible sidechain of one H atom, in  the 
inner regions near the axis of the superhelix. Structural considerations therefore require 
that glycine residues are placed regularly as every third residue in each chain, and this has 
been strikingly borne out in the amino acid sequence determined for al chains (see Ref. 
2 8  for further detail). 

that the regions of the helices which interact most closely are monotonously similar, and 
that the three chains could easily assemble without their ends being properly in register. 
Unmatched portions of such chains from one triplet might then associate with unmatched 
regions of  other triplets. It is believed that this happens when denatured alpha chains are 
allowed to  renature rapidly in relatively concentrated solutions, as in the setting of table 
jello (gelatin being a form of denatured and partly degraded collagen). Well-matched 
triple-stranded molecules can be obtained by careful, slow renaturation and annealing of 
alpha chains, but it was suspected that some special mechanism facilitated this process 
in vivo. 

Speakman (5) postulated a biosynthetic precursor, procollagen, in which each alpha 
chain has an extension peptide at  the N-terminus, with the specific function o f  assuring 
the initial, correct association of the ends of  each triplet set. This material has been found 
(see Refs. 6, 7, and 8 for reviews). The extension peptides d o  not contain sufficient glycine 
t o  be  folded in the collagen helix form and, unlike the native collagen helix polypeptide 
region, are susceptible t o  pepsin and chymotrypsin attack. Normal biological excision o f  
the extension peptides is performed by one (or more) special procollagen peptidase(s) (9). 
Short regions at the ends of the final collagen molecules are also not in the collagen helix 
fold and play a special role in the association of collagen molecules and their eventual 
covalent cross-linking within fibers (10). 

The stability of the collagen fold is also aided by the high proline content which 
accounts for about 20% o f  the residues of collagen. About half o f  these prolines are hydroxy. 
lated after ribosomal synthesis. Comparison with synthetic polyprolines shows that the 
pyrollidine ring stabilizes the collagen fold (for review see 10). A correlation exists between 
hydroxyproline content and denaturation temperature of various collagens (1 1) and 
studies with synthetic polypeptides showed that the hydroxyl groups substantially increase 
thermal stability (1 2). Such stabilization could occur by hydrogen bonding, through a water 
molecule, t o  an adjacent chain of a collagen triplet (13). 

follows ribosomal synthesis, and the enzyme proline hydroxylase has been located electron 
microscopically in the walls and lumen of the rough endoplasmic reticulum (14). Non- 
hydroxylated collagen chains have denaturation temperatures below body temperature 
(1 5-17) and proline hydroxylase acts on collagen chains in the “random” coil form. With 
hydroxylation the denaturation temperature of  the collagen is increased to  body tempera- 
ture or just above and correspondingly folding occurs. 

From the point of view of self-assembly of the triple-stranded molecule this suggests 

Hydroxylation modifies bioassembly in a novel way. It is known that hydroxylation 
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Our recent studies (1 8) show that procollagen chains are synthesized individually, 
and that subsequently the extension peptides at their amino ends associate specifically 
and become disulfide linked to  each other. We postulate (19) that the disulfide bridges 
determine the correct mutual alignment of the chains. In other work (17) we showed that 
this association of  the extension peptides proceeds similarly even when hydroxylation is 
prevented by addition of  inhibitors, and that the collagen portions of  the resulting 
disulfide-linked trimer are denatured at body temperature. As the trimer molecules were 
shown t o  have the stoichiometric composition [(pro c11)~ (pro c12)~ 1 ,  we concluded that 
the extension peptides by  themselves have the configurational properties t o  associate in 
this way, independently of the collagen portions of  the chains. 

Abolition of hydroxylation also interferes in the normal processing and transport 
of  these materials, so that the nonhydroxylated procollagen trimers accumulate within 
the cells. If further synthesis is stopped with cycloheximide and then hydroxylation is 
restarted, the previously accumulated trimer is hydroxylated and concomitantly its de- 
naturation temperature rises (1 7); processing and secretion from the cells also occur. 

but not inside cells. Procollagens form fibers poorly, or not at all, and this may prevent 
intracellular fiber formation. Presumably conversion t o  collagen occurs at the time of  
secretion or extracellularly. Procollagen molecules can occur intracellularly at high con- 
centrations, and have been found in vesicles associated with their transport (20-22). The 
secretion of collagen is interfered with by  agents which destabilize microtubules, such as 
colchicine and elevated pressure (23, 24). 

Little is known about the biological processes of  extracellular collagen fiber fornia- 
tion. The in vitro reassembly of purified collagen obtained from existing fibers has been 
studied in some detail. An initial nucleation phase is followed by growth of fibers without 
substantial change in the distribution of fiber diameters (15). As might be expected these 
processes are quite sensitive t o  the ionic environment, and especially to  the presence of 
polyelectrolytes. Whether such noncollagenous materials, which might well be present a t  
the in vivo site of fibrillogenesis, participate in a catalytic manner is not known. We must 
distinguish between the clearly established ability of  purified collagen, on its own, t o  self- 
assemble into typical collagen fibers, and the kinetic and biological problems of rapid fiber 
formation and eventual interaction with other materials t o  form a coherent matrix. 

To obtain a measure of  the ability of purified collagen t o  associate into fibers we 
have studied the temperature dependence o f  the equilibrium between these two states 
(3, 4, 26). A temperature of half-association, equivalent to  Tm, was found t o  be 30" for 
rat skin collagen (26). This is considerably below 37", the body temperature, at which 
most of the material exists as fibers. Empirically it is known that collagen fibers made in 
vitro a t  about 30" show much better order, as judged by their striated appearance in the 
electron microscope, than fibers made by warming solutions t o  37". Presumably there is a 
better chance in vitro a t  30" than at  37" for initially mismatched molecules t o  find correct 
locations. This suggests that the in vivo mechanism of collagen fiber formation might in- 
volve some process which would facilitate good, rapid ordering of the associating mole- 
cules, though it would not determine the final arrangement. An intriguing possibility is 
that the final excision of the procollagen registration peptides might occur a t  the site of  

A problem in the self-assembly o f  collagen is that fibers are formed extracellularly, 
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the growing fiber, and somehow facilitate the ordered placing o f  collagen molecules on 
the fiber surface. This would be separate from its interference with further fiber formation, 
if not removed, as in the genetic disease of  dermatosporaxis (27). 
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